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ABSTRACT 
The miniaturization of devices places stringent demands on materials processing 
techniques.  As device dimensions decrease, the aspect ratios (AR) of features tend to 
increase.  Uniform coating of these features is required, but the difficulty scales with AR. 
I have demonstrated ‘static’ CVD in a simple, unpumped apparatus to conformally 
deposit stoichiometric and pure metallic films of hafnium diboride and iron in high AR features.  
By achieving high precursor pressure, growth rate saturation is maintained deeply into 
structures.  CVD has a growth rate advantage over atomic layer deposition in high AR features. 
SCVD is highly scalable and conducive to batch processing.  This is critical for the 
production of nanostructures assembled from pre-formed templates.  Using SCVD, thermally 
stable hafnium diboride photonic crystals are fabricated.  The combination of superior thermal 
stability and modified thermal emission has not been previously demonstrated. 
CVD of transition metal nitride films (where the metal is manganese, iron, cobalt, or 
nickel) is accomplished with newly developed di(tert-butyl)amide precursors M[N(t-Bu)2]2 and 
NH3 below 300 °C.  Film growth likely proceeds via rapid transamination of the highly reactive 
precursors with NH3 to afford metal amido fragments with high sticking coefficients and low 
surface mobilities.  Carbon contamination in the films is minimal for manganese, iron, and cobalt 
nitrides, but similar to the nitrogen concentration in nickel nitride. 
Thermal CVD at room temperature is highly unusual, but iron nitride grows rapidly at 
25 °C.  The di(tert-butyl)amido compounds are also able to serve as CVD precursors to cobalt 
and nickel nitride phases, for which very few other CVD methods have been described.  The 
family of di(tert-butyl)amide precursors provides a useful synthetic pathway for late transition 
metal nitride films, which are difficult to produce by other means; the growth conditions are 
appropriate for deposition on temperature-sensitive substrates. 
To demonstrate the utility of HfB2 as a wear-resistant protective coating for nanoscale 
applications, polysilicon switches are coated with CVD HfB2 and evaluated.  Functional devices 
demonstrate reproducible, sharp switching characteristics indicative of a stable contact.  A 
critical factor in the efficacy of wear-resistant thin films is their adhesion and shear strength at 
the film-substrate interface.  Poor adhesion can result in delamination and catastrophic failure.  
HfB2 thin films on Si(100) are studied to advance the understanding of adhesion and shear 
strength of this system.  Hardness, elastic modulus, and friction coefficient are also measured. 
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CHAPTER 1 
 
OVERVIEW 
 
 
1.1 Introduction 
The miniaturization of devices places stringent demands on materials processing 
techniques.  As device dimensions decrease, the aspect ratios (AR) of device features tend to 
increase [1, 2].  The ability to uniformly coat these features is a necessary fabrication capability 
for practical applications, but the difficulty scales with aspect ratio [1].  Thin film growth methods 
vary widely in their ability to suitably coat high AR features [3, 4].  Academic and industrial 
research has continually developed new coating methods to satisfy ever-changing device 
specifications. 
In particular, atomic layer deposition (ALD) was developed as a solution to the conformal 
coating challenge.  ALD overcomes the problem of precursor depletion in deep structures by 
relying on the self-limiting growth reaction of two precursors successively dosed on the surface 
[1-3, 5].  The result, in well-behaved cases, is perfectly conformal films grown monolayer-by-
monolayer.  While widely regarded as the ultimate vapor phase growth technique when 
conformality and uniformity is required, ALD has certain unavoidable limitations.  To avoid gas-
phase reactions, the system is sequentially pumped and purged with inert gas between each 
dosage of precursor [1, 3].  The pump-purge steps can become very time consuming in a high 
AR feature where diffusion is poor [1].  The growth rate of film in ALD is proportional to AR-2 [1].  
Although the self-limiting reaction ensures conformality on structures with suitable diffusion 
rates, ALD is an inherently diffusion-mediated process that is not well suited to growth in 
structures with very low diffusivity. 
Low-pressure CVD processes have recently been demonstrated by Abelson et al. and 
others to afford ALD-like conformality with higher growth rates [4, 6-9].  Conformal CVD is 
achieved by decoupling the film growth rate from the local precursor pressure [4] and attaining 
growth rate saturation on all the structure’s surfaces (Figure 1.1). This is typically achieved by 
operating under high precursor pressure [10].  In this regime, the surface is saturated with 
precursor; self-site blocking effects minimize the reaction probability, β, of the impinging 
precursor [11-13].  In the high pressure limit, β is inversely proportional to the precursor 
pressure.  Low sticking coefficients allow precursor to diffuse deeply into a structure before 
reaction (Figure 1.2).  According to analytic diffusion-reaction calculations, to attain 90 % step 
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coverage (SC) in a 100:1 trench, β must be ~ 10-5 or lower (Figure 1.3).  In order to achieve 
such low values of β, high precursor pressure is required. 
A second consequence of miniaturization is the restrictive ‘thermal budget’ in 
microfabrication.  Reduced device dimensions mean that diffusional effects are less tolerable 
during processing, especially in the backend of microelectronics fabrication.  In response, there 
is a high demand for low temperature processes.  This is often times at odds with morphology, 
composition, and property requirements.  The search for low temperature film growth methods 
for materials of scientific and industrial value remains a high priority.  Low temperature synthesis 
also opens up a world of applications that rely on the use of substrates with low melting or 
tempering temperatures, such as polymeric materials and alloys. 
1.2 Motivations 
1.2.1 Conformal CVD 
CVD can be a remarkably effective technique for conformal coating, but it relies on the 
use of precursors that are weakly reactive due to a combination of chemical reaction pathways 
and the deposition processing parameters.  In dynamically pumped systems, the low sticking 
coefficient of the precursor means that few precursor molecules can react to form film before 
they are pumped away (Figure 1.4).  The vast majority of the precursor flux is squandered.  
Precursor utilization is extremely low in conformal LPCVD and, because these systems typically 
are constructed to operate at ultra-high vacuum, the system complexity is high (Figures 1.5 and 
1.6).  Actively pumping the chamber also depresses the precursor pressure in the growth 
chamber and works against efforts to attain growth rate saturation and conformal coverage. 
Sophisticated techniques employing growth inhibitors have recently been used to 
increase conformality at low precursor partial pressures, but this strategy requires advanced 
knowledge of complex chemical interactions on the surface. 
Conformal CVD could achieve wider adoption if there were a simple method that 
resolves the precursor utilization deficiency while maintaining the excellent conformality.  I 
propose that an alternative method, static vacuum chemical vapor deposition (SCVD), is far 
simpler than either ALD or conformal LPCVD and it is capable of advancing the limits of uniform 
coating in high aspect ratio, convoluted structures. 
The idea of SCVD posits that pumping is not necessary and, in fact, counterproductive 
for uniform growth.  Unpumped CVD provides a means of taking the knowledge gleaned from 
3 
 
LPCVD experiments and leveraging it to the extreme limits.  SCVD allows film growth under the 
full vapor pressure of the precursor and, because unreacted molecules are not prematurely 
discarded via a pump, growth at as low a temperature as is feasible subject to precursor 
reactivity and growth rate desires. 
SCVD has been employed previously in the photonics literature for growth of 
semiconductor materials [14-20], but growth of other materials has not previously been 
demonstrated using this method.  To my knowledge, no comprehensive explanation for this 
growth mode has been offered. 
This thesis investigates the use of known precursors in a regime that has been, in 
general, overlooked by the literature.  First, I demonstrate that the same precursor which has 
yielded success in conformal LPCVD, Hf(BH4)4, can be used in a simple static vacuum 
apparatus and produce conformality that exceeds past results.  This will be established by 
examining trench structures and convoluted three-dimensional nanostructures infilled with HfB2.  
I show that SCVD has enabled the development of thermally stable HfB2 inverse opal photonic 
crystals, a critical component for practical solar thermophotovoltaic energy converters. 
Next, I will show that superior infiltration is a general phenomenon not confined to a 
special class of precursors.  Uniform film growth of iron from iron pentacarbonyl, a commonly 
available precursor molecule not previously known to afford conformal films, will provide 
confirmation of the generality of SCVD.  This is a critical development because few metal-
bearing ALD precursors exist with volatilities high enough to infill deep structures and there is, in 
particular, a lack of precursors for transition metals [21]. 
Finally, I derive a simple mathematical expression to illustrate why SCVD is so effective 
at uniformly infilling complex structures.  Mathematical modeling is employed to compare the 
theoretical SCVD growth rate to that of ALD and demonstrate that the precursor utilization rate 
in SCVD is six orders of magnitude greater than in conformal LPCVD.  I will also identify a 
number of precursors that may be amenable to unpumped growth. 
I will provide clear and convincing evidence that SCVD is a complimentary technique 
that can perform as well as the ALD standard.  While the idea of SCVD is not new, its 
implementation has largely been confined to the deposition of select semiconductors.  It is 
expected that by highlighting the generality of the process’ utility, SCVD may become a staple 
enabling technology in laboratory environments.  In addition, the process makes sense for 
industrial uses when high conformality, simplicity, and efficient precursor utilization is required.  
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The emphasis on the usage of readily available or easily synthesized precursor molecules 
frames SCVD as an eminently adoptable technique. 
1.2.2 Low temperature growth of transition metal nitrides 
Late transition metal nitrides are an interesting class of materials with favorable 
mechanical, magnetic, and electronic properties.  These materials see extensive use in tool 
coatings, magnetic recording, and battery electrodes [22, 23].  The properties of metal nitrides 
have been extensively reported [24, 25], but thin films of these materials are difficult to prepare.  
High-temperature (> 400 °C), plasma-enhanced, or laser-assisted CVD techniques have been 
explored [22], but the lack of low-temperature CVD routes limits the potential applications to 
temperature-insensitive substrates. 
Here I demonstrate that the chemical vapor deposition of transition metal nitride films 
(where the metal is manganese, iron, cobalt, or nickel) can be accomplished from the di(tert-
butyl)amide precursors M[N(t-Bu)2]2 with NH3 at low substrate temperatures.  The highly 
reactive bis[di(tert-butyl)amide] precursors participate in a rapid transamination reaction with 
ammonia to afford intermediate species with high sticking coefficients and low surface 
mobilities.  The resulting films are columnar and nonconformal; these growth processes stand in 
stark juxtaposition to the conformal static CVD results. 
Thermal CVD at room temperature is highly unusual, but we have found that iron nitride 
grows rapidly at 25 °C.  The precursors also produce cobalt and nickel nitride phases, for which 
very few other CVD methods have been described.  Thus, the family of di(tert-butyl)amide 
precursors provides a useful synthetic pathway for late transition metal nitride films, which are 
difficult to produce by other means; the growth conditions are appropriate for deposition on 
temperature-sensitive substrates. 
1.2.3 Mechanical properties of HfB2 films grown at low temperature 
Thin hard coatings are in common use as protective layers to preserve the integrity of 
the underlying bulk material in order to increase its useful lifetime and operating efficiency 
[26, 27].  Hafnium diboride, a metallic ceramic material, exhibits attractive properties for 
microelectronic and hard coating applications.  HfB2 has a high melting temperature of 3250 °C, 
high bulk hardness of 29 GPa, and a metal-like bulk resistivity of 15 μΩ-cm [28, 29].  
Jayaraman et al. demonstrated a low-temperature CVD process for HfB2 thin films [6].  
Subsequently, Chatterjee et al. [30-32] measured the hardness, elastic modulus, nanoscale 
friction coefficient, and nano- and macro-scale wear response of these films.  Annealed HfB2 
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films were found to be superhard (H = 43 GPa) and wear resistant [30, 31], but as-deposited 
films suffered from sudden failure by delamination [30-32]. 
 The shear and adhesion strength of the film-substrate interface is a critical factor in the 
complete tribological performance of the system [33-36].  Weakly-adhered films are at risk of 
catastrophic delamination.  While it is desirable to quantitatively measure film adhesion, the 
behavior of layered surfaces is not currently fully understood. 
In this work CVD HfB2 thin films on Si(100) are studied in order to advance the 
understanding of adhesion and shear strength of this system.  These parameters are measured 
using the nanoscratch technique with a conospherical tip.  Hardness, elastic modulus, and 
friction coefficient are measured as well. 
1.3 Chapter summaries 
Chapter 2: Superior infiltration of convoluted structures by static chemical vapor 
deposition. 
Advanced nanostructure fabrication often relies on the addition of material to a pre-
formed template.  However, additive processing in features with convoluted diffusion paths or 
high aspect ratios is fundamentally difficult.  Low-temperature chemical vapor deposition can 
afford conformal films but the thickness decreases with depth due to precursor consumption.  
Atomic layer deposition provides essentially uniform film coverage but relies on sequential 
diffusion processes that require long dwell times in deep features.  I discuss the performance of 
CVD under conditions that have been generally overlooked: static CVD – the absence of gas 
throughput – at the limit of maximum precursor pressure and low substrate temperature.  This 
extremely reaction rate-limited regime provides the advantage of continuous diffusion of 
precursor into tortuous structures, increasing the penetration depth.  I demonstrate infiltration of 
high aspect ratio structures with films of HfB2 and Fe.  Coating uniformity is exceptional.  Static 
CVD is conducive to batch processing with high precursor utilization and thus is technologically 
attractive. 
 ”Synthesis of complex nanostructures by static chemical vapor deposition: a 
conformal batch process with efficient precursor utilization,” A. N. Cloud, 
J. L. Mallek, K. A. Arpin, P. V. Braun, G. S. Girolami, and J. R. Abelson, in 
preparation. 
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Chapter 3: Three-dimensional self-assembled photonic crystals with high temperature 
stability for thermal emission modification. 
Selective thermal emission in a useful range of energies from a material operating at 
high temperatures is required for effective solar thermophotovoltaic (sTPV) energy conversion.  
Three-dimensional metallic photonic crystals can exhibit spectral emissivity that is modified 
compared to the emissivity of unstructured metals, resulting in an emission spectrum useful for 
sTPV.  However, retention of the 3D mesostructure at high temperatures remains a challenge.  
Here we utilize self-assembled templates to fabricate high quality tungsten photonic crystals that 
demonstrate unprecedented thermal stability up to at least 1,400 °C and modified thermal 
emission at sTPV operating temperatures.  We also obtained comparable thermal and optical 
results using a photonic crystal comprising a previously unstudied material, hafnium diboride, 
suggesting that refractory ceramic materials with metal-like optical properties are viable 
candidates for photonic-crystal based sTPV devices and should be more extensively studied.  
 “Three-dimensional self-assembled photonic crystals with high temperature 
stability for thermal emission modification,” K. A. Arpin, M. D. Losego, 
A. N. Cloud, H. Ning, J. L. Mallek, N. P. Sergeant, L. Zhu, Z. Yu, B. Kalanyan, 
G. N. Parsons, G. S. Girolami, J. R. Abelson, S. Fan, and P. V. Braun, Nat. 
Commun. 4, (2013). 
Chapter 4: Low-temperature CVD of η-Mn3N2-x from bis[di(tert-
butyl)amido]manganese(II) and ammonia. 
Manganese nitride films are grown by low-pressure chemical vapor deposition from the 
novel precursor bis[di(tert-butyl)amido]manganese(II) and ammonia.  Mixed-phase films 
containing crystalline manganese nitride can be grown on substrates at temperatures as low as 
80 °C. Above 200 °C, the films consist entirely of crystalline manganese nitride.  The crystalline 
material has the same tetragonal unit cell as η-Mn3N2, but composition analysis of the Mn:N 
suggests that the material is best denoted as η-Mn3N2-x with x~0.7.  Both oxygen and carbon 
contamination in the bulk of the films are < 1 at. %.  Deposition rates of up to 10 nm/min are 
observed.  The growth of crystalline films of a ceramic material at such low temperatures and 
high rates is highly unusual.  The authors attribute this outcome to the presence of high-moment 
manganese atoms in mixed valence states and to vacancies in the nitrogen sublattice; both 
features lower the energies needed to break and reform metal-nitrogen bonds and thus allow 
the deposited atoms to settle more easily into a low-energy ordered arrangement. 
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 “Low-temperature CVD of η-Mn3N2-x from bis[di(tert-butyl)amido]manganese(II) 
and ammonia,” T. S. Spicer, C. W. Spicer, A. N. Cloud, L. M. Davis, 
G. S. Girolami, and J. R. Abelson, J. Vac. Sci. Technol. A 31, 030604 (2013). 
Chapter 5: Low-temperature CVD of iron, cobalt, and nickel nitride thin films from 
bis[di(tert-butyl)amido]metal(II) precursors and ammonia. 
Thin films of late transition metal nitrides (where the metal is iron, cobalt, or nickel) are 
grown by low-pressure metalorganic chemical vapor deposition from bis[di(tert-
butyl)amido]metal(II) precursors and ammonia.  These metal nitrides are known to have useful 
mechanical and magnetic properties, but there are few thin film growth techniques to produce 
them based on a single precursor family.  I report the deposition of metal nitride thin films below 
300 °C from three recently synthesized M[N(t-Bu)2]2 precursors, where M = Fe, Co, and Ni, with 
growth onset as low as room temperature.  Metal-rich phases are obtained with constant 
nitrogen content from growth onset (as low as room temperature) to 200 °C over a range of 
feedstock partial pressures.  Carbon contamination in the films is minimal for iron and cobalt 
nitride, but similar to the nitrogen concentration for nickel nitride.  X-ray photoelectron 
spectroscopy indicates that the incorporated nitrogen is present as metal nitride, even for films 
grown at the reaction onset temperature.  Deposition rates of up to 18 nm/min are observed.  
The film morphologies, growth rates, and compositions are consistent with a gas-phase 
transamination reaction that produces precursor species with high sticking coefficients and low 
surface mobilities. 
 “Low-temperature CVD of iron, cobalt, and nickel nitride thin films from bis[di(tert-
butyl)amido]metal(II) precursors and ammonia,” A. N. Cloud, L. M. Davis, 
G. S. Girolami, and J. R. Abelson, in preparation. 
Chapter 6: CVD hafnium diboride as a contact material for nanoelectromechanical 
switches. 
This paper presents the first usage of hafnium diboride (HfB2) deposited via chemical 
vapor deposition as the contact material for nanoelectromechanical (NEM) switches.  HfB2 is an 
excellent candidate for NEM switches due to its reasonable conductivity, high hardness, and 
high melting point.  HfB2 was deposited conformally at 250 °C onto the sidewalls of laterally 
actuated, polysilicon switches.  HfB2-coated switches showed sharp switching characteristics 
when tested in a nitrogen ambient.  The contact resistance was initially 29.6 MΩ but decreased 
to 1.43 kΩ by adding a dilute HF dip to remove the surface oxide. 
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 “CVD hafnium diboride as a contact material for nanoelectromechanical 
switches,” W. S. Lee, A. N. Cloud, J. Provine, N. Tayebi, R. Parsa, S. Mitra, H.-
S. P. Wong, J. R. Abelson, and R. T. Howe, Technical digest of the 2012 Solid-
State Sensor and Actuator Workshop, Hilton Head Island, SC, June 3-7, 2012, 
Transducer Research Foundation, Cleveland (2012). 
Chapter 7: Shear strength measurements of hafnium diboride films grown on Si(100) 
by low-temperature chemical vapor deposition. 
Micromechanical and microscratch properties of CVD-synthesized HfB2 thin films are 
evaluated.  A range of synthesis conditions was explored by varying the substrate temperature, 
precursor pressure, and ex situ annealing regimen.  Adhesion and shear strength were 
evaluated using nanoindentation and nanoscratch techniques, respectively.  The hardness of 
the as-deposited and annealed films was found to be in the 7 - 22 GPa and 6 - 32 GPa range, 
respectively.  Nanoscratch studies revealed a coefficient of friction of 0.13 - 0.21 depending on 
the deposition and annealing conditions with the as-deposited films exhibiting a lower coefficient 
of friction.  The adhesion strength was found to significantly increase with annealing (twofold 
and threefold increase), while annealing has no such impact on the shear strength. 
 “Shear strength measurements of hafnium diboride films grown on Si(100)by low-
temperature chemical vapor deposition,” J. Lee, K. Polychronopoulou, 
A. N. Cloud, J. R. Abelson, and A. A. Polycarpou, in preparation. 
Chapter 8: Mechanical property evaluation of hafnium diboride-based thin films. 
 Building on the work presented in Chapter 7, the nanoindent and nanoscratch 
techniques are applied to HfB2 films grown by static CVD and LPCVD films that are alloyed with 
nitrogen by addition of ammonia to the growth flux.  The hardness, elastic modulus, friction 
coefficient, wear and elastic recovery, and shear strength are compared. 
 “Tribological properties of hafnium diboride thin films grown by low-temperature 
chemical vapor deposition,” S. Chowdhury, K. Polychronopoulou, A. N. Cloud, 
J. R. Abelson, and A. A. Polycarpou, in preparation. 
Chapter 9: Conclusions and future possibilities 
 The major accomplishments of the presented work are summarized.  Avenues of 
promising future possibilities are discussed.  
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1.5 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Conformality can be enhanced by achieving growth rate saturation on a feature’s 
surfaces.  The plotted line represents the film growth rate versus pressure for some 
hypothetical precursor at a given temperature.  At high pressures the growth rate reaches 
an asymptotic value.  Two identical trench structures are indicated on the plot (on their 
sides); the pressure drop down the trench is comparable for each, but the growth rate 
differential from top to bottom differs dramatically.  Most CVD precursors have low vapor 
pressures resulting in the poor conformality indicated in the left trench.  When high 
pressures can be attained, step coverage is high as indicated in the right trench. 
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Figure 1.2: Minimizing the sticking probability, β, of the precursor allows molecules to penetrate 
deeper into a structure before forming film, improving the coating uniformity. 
 
Figure 1.3: Plot of the sticking probability required to coat a feature of a given aspect ratio to various 
step coverage values.  Reproduced from Reference 10.  The curves were calculated 
using a diffusion-reaction equation. 
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Figure 1.4: Schematic of conformal LPCVD.  Because conformal growth relies on reducing the 
sticking coefficient of the precursor to very low values (Figure 1.3), the majority of the 
precursor does not contribute to film growth.  Actively pumping the deposition chamber 
means that most of the precursor is pumped away, resulting in poor precursor utilization 
rates. 
 
 
 
 
Figure 1.5: Schematic of the LPCVD system used for the majority of John Abelson et al.’s conformal 
CVD work.  The chamber has numerous analytical tools useful for experimental study. 
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Figure 1.6: Photograph of the LPCVD system. 
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CHAPTER 2 
 
SUPERIOR INFILTRATION OF CONVOLUTED STRUCTURES  
BY STATIC CHEMICAL VAPOR DEPOSITION 
 
 
2.1 Introduction 
Conformal coating of deep structures remains a critical challenge in microfabrication.  As 
technological drivers push device dimensions ever smaller, feature aspect ratios (AR) 
increase [1].  Gas transport is impeded in these narrower features, increasing the difficulty of 
conformal coating. 
Chemical vapor deposition (CVD) can afford smooth and conformal films in high AR 
structures at low substrate temperature and high precursor pressure [2-6].  Under these 
conditions, adsorbed precursor molecules cover the growth surface and react to deposit film at 
useful rates, but also block active sites such that the effective sticking coefficient is reduced.  In 
this regime, the growth rate is highly reaction rate-limited and reaches an asymptotic limit with 
respect to pressure everywhere in the feature.  The result – conformal films in trenches deeper 
than 30:1 – can be competitive with atomic layer deposition (ALD).  This is not surprising, given 
that the underlying kinetic principle, surface site-blocking, is the same. 
As we derive below, the growth time in CVD scales linearly with AR, and the feature 
depth that can be conformally coated increases linearly with precursor partial pressure [6].  We 
previously demonstrated conformal CVD in a low pressure, dynamically pumped system [2-6].  
However, there are drawbacks: due to the low effective sticking coefficient of the precursor 
under conformal conditions, most of the precursor flux is lost to the vacuum pump.  Additionally, 
pumping depresses the precursor pressure by orders of magnitude compared to the available 
vapor pressure. 
Here we explore the generally overlooked high pressure regime of operation with a 
simple, unpumped static CVD (SCVD) approach that enables conformal filling of extremely deep 
structures.  The highly conformal coating of microtrenches, colloidal crystals, aerogels, and 
other porous networks confirms that the effective sticking coefficient is < 10-5.  The low sticking 
coefficient also affords excellent surface smoothness.  Many substrates can be loaded into the 
deposition chamber such that the throughput is good in batch mode. The precursor utilization is 
excellent (~ 25 %), unlike the case of flowing CVD in which most of the precursor is wasted.  
We have thus far demonstrated this method of growth for HfB2 and Fe films, and we offer 
precursor selection criteria for other significant film materials. 
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2.2 Experimental apparatus 
The present work utilizes the simplest possible apparatus; the method is inherently 
insensitive to reactor geometry and is amenable to batch processing.  The deposition system 
consists of two glass tubes; one contains the precursor and the other contains a batch of 
substrates.  The sample container is inserted into a tube furnace and acts as the growth 
chamber.  This is a hot-wall CVD apparatus; this is not requirement, but the growth of film along 
the chamber walls helps reduce impurities by gettering.  The tubes are joined by valved ground 
glass joints sealed with vacuum-compatible hydrocarbon-based grease.  Both tubes are 
connected to a Schlenk line that allows them to be independently pumped to rough vacuum and 
backfilled with argon.  A schematic of the growth system appears in Figure 2.1. 
Once samples are loaded into the growth chamber and the apparatus is sealed, both 
tubes are pumped to rough vacuum.  The reaction tube can be baked and/or pump-purged at 
this time if desired.  The precursor tube is then allowed to achieve the equilibrium vapor 
pressure of the single-source precursor.  The central valve is opened for 15 minutes to allow the 
precursor pressure to equilibrate at all depths in the features to be coated.  The valve is 
subsequently closed and the furnace is heated slowly (1 °C/min or less) to the desired 
deposition temperature.  The slow ramp ensures temperature homogeneity in the samples.  
Typical growths are conducted between 100 - 200 °C for 2 - 10 hours.  At the conclusion of the 
growth, the tube and furnace are allowed to cool and then the remaining gas is pumped away. 
By not pumping during the growth, precursor pressure over the samples is maximized, 
allowing lower reaction temperatures and higher precursor pressures while enhancing precursor 
utilization.  The precursor vapor charge at room temperature is sufficient to deposit coatings up 
to 100 nm. 
2.3 Results 
2.3.1 Conformal hafnium diboride 
Microtrenches and vias are the structures of primary concern in microelectronics, and 
these are easily coated or filled by SCVD.  Figure 2.2 shows microtrenches (up to 7:1 AR) at 
progressive stages of complete filling with HfB2.  The growth is conducted using Hf(BH4)4 
precursor, which is supplied to the growth chamber at its room temperature vapor pressure of 
15 Torr [7].  The growth tube and substrates are heated to 200 °C for deposition.  While these 
microtrenches are not especially deep, it is important to note that the fully infilled microtrenches 
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[Figure 2.2(c)] exhibit no seam.  As film grows along the walls, the AR of the trench increases.  
Despite this continually increasing AR, we observe complete filling. 
Filling is more challenging in structures with reduced diffusivity due to tortuous diffusion 
paths [8].  Figure 2.3 demonstrates uniform filling in such a structure, a colloidal crystal 
composed of 7 layers of 635 nm-diameter SiO2 microspheres.  The equivalent AR (ratio of 
structure depth to critical diameter of the inter-sphere voids) is 12:1.  This growth requires 
8 hours including sample insertion, precursor dosing, and temperature ramp, hold, and cooling 
steps (no attempt was made to minimize the time requirements).  The samples are held at the 
200 °C reaction temperature for 2 hours.  At 200 °C, the average film growth rate is ~ 40 nm/h.  
With the exception of the overlayer formed after pinch-off, the film thickness on each layer of 
microspheres is identical.  Void spaces within the filled crystal are due to preexisting lattice 
defects, not coating inhomogeneity.  Colloidal crystals are important templates for nanoscale 
devices, and simple techniques for filling them are useful for the production of these devices 
[9, 10].  We have used SCVD HfB2-infilled colloidal crystals to make metallic, thermally stable 
inverse opal photonic crystals that exhibit photonic bandgap behavior [11].  In Ref. 11, identical 
templates were infilled with 50 nm of tungsten by ALD using WF6 and dilute SiH4; that growth 
required ~ 19 hours. 
To investigate the penetration limits of SCVD we infill silica aerogels.  Aerogels are 
porous materials which are > 90 vol. % void space [12].  The 20 nm voids are interconnected, 
but gas diffusivity is very poor due to the solid membrane separating the voids [13].  Due to the 
porous structure and low diffusivity, aerogel is a poor thermal conductor [14].  This presents an 
obstacle for thermal CVD.  After baking the aerogel under vacuum to remove moisture, the 
sample tube is equilibrated to the precursor vapor pressure.  The temperature ramp is slowed to 
0.1 °C/min to heat the samples more evenly throughout.  The temperature is maintained at 
150 °C for 40 hours.  The samples are subsequently pumped under vacuum overnight to 
remove unreacted precursor.  Figure 2.4 shows an X-ray computed tomography (CT) slice of a 
cylindrical aerogel that was quartered along the long axis.  CT imaging enables nondestructive 
analysis of the infiltrated aerogel and clearly demonstrates the macroscale penetration in a way 
that previously used analytical methods cannot.  Two quarters are infiltrated and two are 
unaltered in order to serve as references.  The infilled samples exhibit a bright, 1 mm-thick 
perimeter.  The scattering contrast is due to the presence of hafnium.  The penetration is 
comparable to previous ALD reports [15-17].  The effective aspect ratio of the coated region is 
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> 105:1.  This demonstrates the capability not just to deposit thin films, but to process 
macroscale surface layers. 
Auger electron spectroscopy (AES) shows no appreciable composition variations 
between SCVD HfB2 films and those grown in a conventional UHV system; hafnium and boron 
contents differ by less than 2 at. % [Figure 2.5].  The stoichiometry is consistent even in the 
depth of high AR features [Figure 2.6].  Despite the high base pressure, no additional oxygen is 
incorporated into the SCVD films because the highly reactive Hf(BH4)4 precursor consumes 
residual O2 and H2O.  This leads to a negligible drop in precursor pressure, which is 3 orders of 
magnitude larger than the residual gas pressure.  Further impurity gettering occurs on the tube 
walls during film growth.  AES is not capable of detecting hydrogen, the only contaminant 
present in the precursor.  Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) reveals 
that SCVD HfB2 films contain 2 - 3x more hydrogen than LPCVD films [Figure 2.7].  We are 
currently unable to quantify the H content in absolute terms, but it is expected that LPCVD HfB2 
contains less than 1 at. % H.  We expect the higher H content in SCVD films is due to the 
reduced growth temperature.  Lower temperature slows the rejection of H from the growth 
surface. 
2.3.2 Conformal iron 
We wish to demonstrate that, when a suitable precursor is available, SCVD is a general 
approach that can deposit conformal films of various materials.  Therefore, we have grown 
conformal iron films from Fe(CO)5.  This common CVD precursor is not associated with 
conformal growth: deposition under low pressure conditions produces rough and/or 
discontinuous films [18, 19].  However, Fe(CO)5 is attractive due to its high vapor pressure 
(25 Torr at 20 °C) [19], low reaction onset temperature [20], relatively stable reaction byproduct 
(CO), and documented use in the production of high purity iron powder in industrial 
processes [21]. 
The film smoothness and conformality are excellent, even when deposited on relatively 
unreactive dielectric surfaces.  Nanoscale structures can be completely infilled with iron at 
100 °C, including 5:1 microtrenches [Figure 2.8(a)] and colloidal crystals [Figure 2.8(b)].  The 
film growth rate is approximately 20 nm/h.  Wetting of metal films on dielectrics is notoriously 
difficult; roughness developed in the initial nucleation stage can become extreme in the 
coalesced film [22].  It is notable that the film roughness on the silica microspheres of the 
colloidal crystal is minimal. 
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To demonstrate deep penetration, iron is grown inside of mesoporous silicon consisting 
of a 25 µm-deep interconnected network of voids 20 - 50 nm in diameter.  The composition of a 
cross section is mapped with EDS; the iron concentration is uniform in the porous layer, which 
has an effective aspect ratio of ≥ 500:1 (Figure 2.9).  We also infilled a carbon aerogel 
(Figure 2.10).  The iron penetrates the aerogel monolith fully, but, curiously, the outer ~ 1.5 mm 
of the sample is relatively iron-deficient in comparison with the sample center. 
X-ray photoelectron spectroscopy of SCVD iron films (Figure 2.11) indicates 97 at. % 
purity with C and O contamination of 1.5 at. % each, which is just above instrumental detection 
limits.  Incorporation of C and O is unsurprising given the catalytic effect of Fe in dissociating 
adsorbed CO [20].  Nevertheless, the films are metallic enough for many practical applications.  
Four-point probe measurements of 70 nm-thick films (Figure 2.12) indicate a resistivity of 150 
μΩ-cm.  This resistivity value is comparable to that obtained using conventional low-pressure 
CVD at a growth temperature < 250 °C [19].  Ex situ variable angle spectroscopic ellipsometry is 
used to calculate the optical constants of SCVD Fe between 300 and 1700 nm; the absorption 
coefficient is similar to that of tungsten within this range (Figure 2.13).  Rutherford 
backscattering spectrometry indicates the films are 90+ % of bulk iron density. 
2.4 Discussion 
The primary factor that limits conformality in CVD is the depletion of precursor with depth 
in a feature due to surface reaction.  Precursor depletion is inescapable, but its effect can be 
mitigated.  At sufficiently high precursor pressure the growth rate asymptotically saturates due 
to site-blocking effects, i.e., the film growth rate is only very weakly dependent on the 
pressure, p [6].  This behavior can be described mathematically by Eqn. 2.1 where K1(T) and 
K2(T) are lumped rate coefficients. 
 ( ) ( )( )pTK
pTKpTGR
2
1
1
,
+
=  Eqn. 2.1 [6] 
Note that this is exactly the form expected in a first-order model of surface adsorption and 
reaction.  (That correlation does not, of course, prove that the microscopic reactions are as 
simple as a first-order Langmuirian expression; however, it does indicate that the rate-limiting 
steps behave kinetically in that manner.)  If the precursor pressure is sufficiently high at the 
opening of a feature, the growth rate will be nearly saturated at all points within, which affords a 
uniform film thickness within the feature. 
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A traditional perspective in CVD considers the sticking coefficient of the precursor, β, to 
be a constant value; in conformal CVD, the use of β is not informative because of the rate 
saturation, where the effective β varies as precursor p-1.  Nevertheless, it is instructive to 
consider what constant value of β would be necessary to obtain the present results.  According 
to analytic diffusion-reaction calculations, to attain 90 % step coverage (SC) in a 100:1 trench, β 
must be 10-5 or lower.  To do the same in a 1,000:1 feature, β must be ≤ 10-7. 
We previously derived an expression in the conformal limit for the step coverage that 
can be attained for a given AR, temperature (T), and pressure: 
 ( )2
02
1 AR
D
Tkc
p
GRSC B
ρ
∂
∂
−=  Eqn. 2.2 [6] 
c is a geometrical factor, ρ is the atomic density of the film, D0 = D/d where D is the diffusion 
coefficient, and d is the feature’s critical dimension [6].  This equation, along with the precursor 
reaction onset temperature and maximum precursor pressure, establish the borders of the 
conformal zone diagram (Figure 2.14) [6].  Conformal CVD is possible in the temperature-
pressure parameter space outlined by these boundaries.  SCVD allows us to expand the 
boundaries of this conformal zone by reducing the growth onset temperature and increasing the 
maximum precursor pressure.  This affords new capabilities, such as the ability to infill aerogels.  
Based on this work, a conformal zone diagram for Fe from Fe(CO)5 can be constructed for the 
first time (Figure 2.15). 
Eqn. 2.1 can be substituted into Eqn. 2.2 to yield an expression that relates the AR of a 
feature that can be coated to a high SC (approaching 1) to the deposition conditions. 
 
( )( )
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SCTKD
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pAR
Bρ
−
=
12 10  Eqn. 2.3 
Thus, the feature depth that can be conformally filled increases linearly with the precursor partial 
pressure. 
These relations assume molecular flow within the feature.  If laminar flow is reached at 
high precursor pressure, then D falls.  The same aspect ratio feature can be coated in this 
regime, but to maintain a high SC the growth rate must be decreased by reducing the 
temperature.  However, for nanoscale features, the gas scattering may remain in the molecular 
regime, obviating this concern. 
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It is important to compare SCVD with the well-known ALD method.  ALD relies on 
sequential, alternating dosing of the growth surface with two volatile precursors to form a layer 
of solid film [1].  Each dose is designed to be self-limiting at the selected substrate temperature, 
ensuring uniform coverage on the substrate [1].  Because ALD is inherently limited by the 
sequential diffusion of precursor molecules, purge gases, and reaction byproducts, it becomes a 
slower process in structures with low gas diffusivity (or high AR) [13].  A first-order model shows 
that the time required to complete filling of a feature with ALD is proportional to the AR 
squared [23].  In contrast, the growth rate achievable in SCVD is linearly related to AR 
(Eqn. 2.3).  Comparison of first-order models, holding other parameters constant, indicates that 
ALD should be somewhat faster for AR < 10, but slower than CVD for higher AR features (see 
Appendix A for more details). 
SCVD has been employed previously in the photonics literature for growth of 
semiconductor materials [9, 10, 24-28], but growth of metals has not previously been 
demonstrated using this method.  Likewise, few metal-bearing ALD precursors exist with 
volatilities high enough to infill aerogels, and there is, in particular, a lack of precursors for 
transition metals [29]. 
In part, the lack of prior reports is likely a consequence of the careful precursor selection 
required for SCVD.  In the simple system demonstrated here, there is no means of replenishing 
reacted precursor or removing reaction byproducts during the growth.  Therefore a SCVD 
precursor should have a high vapor pressure (≥ 10 Torr) and benign reaction byproducts to 
ensure useful thickness and correct stoichiometry, respectively.  Only a subset of solid or liquid 
precursors will meet these criteria, but there are candidates with potential utility.  Based on our 
work with Hf(BH4)4 and Fe(CO)5, we believe conformal growth of ZrB2 from Zr(BH4)4 and Ni from 
Ni(CO)4 would be straightforward.  For precursors that have somewhat lower vapor pressure, 
we propose the use of a ‘trickle flow’ system, which is continuously fed with precursor at a low 
flow rates in order to keep the chamber at nearly the maximum vapor pressure; it would also 
limit the maximum pressure of reaction byproducts.  This approach could significantly expand 
the set of commercially available precursors that would afford conformal films.  
Sufficient vapor pressure is required to grow films of practical thickness.  The film 
thickness, tfilm, in SCVD is given by Eqn. 2.4.
 
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
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1
 Eqn. 2.4 
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V is the volume of the growth chamber, Tfill is the temperature of system during precursor 
infilling, A is the total area of film coverage, and ρ is the film density (see Appendix B for 
details).  The HfB2 and Fe films grown here are approximately 100 nm thick, but thicker films 
should be obtainable in the proposed trickle-flow system that would allow precursor 
replenishment during growth. 
In addition to the conformality advantages, SCVD also offers dramatically enhanced 
precursor utilization rates.  The utilization rate is simply a ratio of the sample surface area to the 
total area coated (sample plus chamber wall).  The apparatus as described here achieves a 
utilization rate of ~ 0.25.  In a reasonably sized, optimized setup, we suggest utilization can 
exceed 0.85 (see Appendix C for details).  As a point of comparison, we estimate a utilization 
rate of ~ 10-5 in the dynamically-pumped cold wall LPCVD system used in Refs. 2 - 6. 
The reaction byproducts in the cases presented here may potentially have beneficial 
effects on conformality [30].  As a feature is filled with film material, the diffusion paths for 
precursor and byproduct narrow and the aspect ratio of the feature increases.  It is therefore 
advantageous to have byproducts that act as growth inhibitors that further decrease reaction 
rate as the byproduct partial pressure increases [30].  Note that in Eqn. 2.3, the GR and AR 
terms are inversely related.  By decreasing the rate with inhibitors, deeper structures can be 
filled conformally.  B2H6 and CO may act as inhibitors in the growth of HfB2 and Fe, respectively.  
Growth inhibitors have been used to preferentially slow growth on nuclei and thus enhance 
surface smoothness [22]. 
Support for the byproduct inhibition hypothesis is provided by the HfB2 infiltration of 
aerogels.  We have never attempted growth in a structure with such a high surface area-to-
volume ratio.  The high surface area and low conductance of the aerogel all but assure high 
byproduct partial pressures.  Figure 2.17 shows the intensity profile of the infilled ‘crust’ of the 
sample, less the signal contributed by the aerogel.  This is can be treated like a plot of film 
growth rate versus depth in the feature.  The predicted CVD growth rates versus depth for 
various step coverage value are plotted in Figure 2.18.  Figure 2.19 compares the profile of the 
aerogel infiltration with the predicted growth rate curve for 0.9 step coverage.  The 
experimentally observed profile indicates much better conformality that the theory suggests is 
possible.  The theory, however, does not account for chemical (i.e. byproduct) effects on the 
surface, which may dominate in this case (see Appendix D for details.) 
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2.5 Conclusions 
We have demonstrated the use of SCVD in a simple, unpumped apparatus to deposit 
metallic films of hafnium diboride and iron conformally in an assortment of high aspect ratio 
features.  Filling of deep structures with tortuous diffusion paths is fundamentally difficult due to 
precursor consumption along the feature walls.  By operating under the full vapor pressure of 
the precursor, growth rate saturation can be maintained deep into the feature.  This additive 
processing capability is critical for the production of nanostructures assembled from pre-formed 
templates.  SCVD can even infill thick layers of interconnected nanoporous networks, proving 
the ability to process mm-thick samples. 
SCVD doses the substrate surface with precursor continuously, not intermittently as in 
ALD.  CVD has a growth rate advantage at high aspect ratios; the ALD growth rate scales with 
AR-2 while the CVD rate scales with AR-1. 
Despite the rough vacuum base pressure, the films grown here have low impurity 
contents.  The film composition is stoichiometric despite the buildup of reaction products. This 
implies that the growth surface has almost no reactivity towards these products.  Precursor 
selection is crucial for this mode of growth.  We have offered guidelines for selection and 
suggested likely candidates. 
The lack of pumping in SCVD allows reaction to occur at low temperatures that would be 
impractical in a flowing system.  The deposition temperatures explored here are even 
compatible with some polymeric substrates.  Because precursor is not removed before surface 
reaction, the precursor utilization rate is enhanced by orders of magnitude relative to previous 
conformal CVD techniques.  Static CVD is conducive to batch processing and is thus 
technologically attractive.  We envision the ability to coat cassettes of wafers simultaneously.  
SCVD could be key enabling technology in laboratory and industrial environments. 
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2.7 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: (top) Schematic of the SCVD system.  (bottom) Photograph of the SCVD system. 
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Figure 2.2: Microtrenches at progressive stages of conformal filling with HfB2 by SCVD.  (a) Partially 
filled 2:1 microtrenches.  (b) Nearly filled 2.5:1 microtrenches.  Seams along the trench 
axis are evident.  (c) Completely filled 7:1 microtrenches with no seams. 
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Figure 2.3: Ion milled cross section of a 7-layer colloidal crystal uniformly infilled with HfB2.  With the 
exception of the overgrowth layer formed after pinch-off, the film thickness on each layer 
of microspheres is identical.  Void spaces within the structure are due to preexisting 
crystal defects, not coating inhomogeneity.  SCVD can produce batches of identical 
samples. 
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Figure 2.4: X-ray computed tomography (CT) cross section of a quartered silica aerogel.  Two 
quarters (top right and bottom left) are infiltrated with HfB2.  The remaining quarters are 
untreated.  The infiltrated regions are readily visible as ~ 1mm-thick bright layers along 
the aerogel perimeter. 
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Figure 2.5: Auger electron spectroscopy profiles of HfB2 films grown by SCVD (top) and LPCVD 
(bottom).  These plots have been corrected to account for the Auger electron energy 
peak overlap of silicon and hafnium at ~1620 eV by reassigning the hafnium signal to 
silicon once the substrate is reached. 
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Figure 2.6: Auger electron spectroscopy profiles of HfB2 grown by SCVD in a 1,000:1 macrotrench 
consisting of Si(100) substrates separated by a 25 μm-thick spacer.  Measurements are 
conducted at various depths into the trench.  (top) 19:1 (middle) 200:1 (bottom) 880:1.  
These plots have been corrected to account for the Auger electron energy peak overlap 
of silicon and hafnium at ~1620 eV by reassigning the hafnium signal to silicon once the 
substrate is reached. 
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Figure 2.7: Plot of the hydrogen-to-boron ratio (from TOF-SIMS) of several films grown by SCVD and 
LPCVD.  SCVD samples contain 2 - 3 times more H, but it is expected that the 
concentration is still relatively low. 
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Figure 2.8: Nanoscale structures completely infilled with iron via SCVD from iron pentacarbonyl 
precursor.  (a) Microtrenches (5:1 aspect ratio) fully filled with iron.  (b) A 3-layer colloidal 
crystal composed of SiO2 microspheres fully infilled with iron.  Wetting of metallic films on 
dielectric substrates is notoriously difficult, but the film roughness on these silica spheres 
is minimal. 
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Figure 2.9: Mesoporous silicon layer uniformly infilled with Fe by SCVD.  (a) High resolution SEM 
cross section of a 25 μm-thick porous Si layer showing the interconnected void network.  
(b) SEM cross section of a 25 μm-thick porous Si layer after Fe infilling.  (c) Si signal of 
an EDS composition map of the porous Si layer and the underlying solid Si substrate.  
(d) Fe signal of same EDS map exhibiting uniform infilling of the void network. 
 
 
Figure 2.10: CT cross section of a carbon aerogel infiltrated with Fe.  The annotated circle indicates 
the original outer boundary of the cylindrical sample.  EDS confirms the presence of iron 
in the center.  Curiously, the outer ~ 1.5 mm is not infilled to the same degree. 
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Figure 2.11: X-ray photoelectron spectra of SCVD iron films.  (top) Fe 2p spectrum (middle) C 1s 
spectrum (bottom) O 1s spectrum.  Analysis indicates the films are 97 at. % Fe with C 
and O contamination of ~ 1.5 at. % each. 
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Figure 2.12: SEM cross section of a 70 nm-thick Fe film on 300 nm of thermally grown SiO2.  The film 
resistivity measured by four-point probe is 150 μΩ-cm.  The film continuity and 
smoothness is notable and atypical for films grown from this precursor. 
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Figure 2.13: Optical constants of SCVD Fe plotted against those of aluminum, nickel, tungsten, and 
silicon.  Values are measured by ex situ variable angle spectroscopic ellipsometry.  
(top) k (bottom) The absorption coefficient of SCVD Fe is similar to that of tungsten in 
the range investigated.  Reference values are obtained from A. D. Rakić, Appl. Opt. 
(1995) and E. D. Palik, ‘Handbook of Optical Constants of Solids’ (1985). 
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Figure 2.14: Conformal zone diagram for LPCVD of HfB2.  Reproduced from Reference 6. 
 
 
 
 
Figure 2.15: Newly developed conformal zone diagram for Fe from Fe(CO)5. 
 
41 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16: Theoretical growth rate comparison of ALD and conformal CVD.  Details of these 
calculations can be found in Appendix A.  (top) ALD has a growth rate advantage at 
aspect ratios lower than ~ 10, but CVD become advantageous at higher ARs.  
(bottom) At very high ARs like those explored in the study, CVD possesses a decisive 
rate advantage. 
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Figure 2.17: Intensity profile of the outer ‘crust’ of the HfB2-infilled aerogel sample shown in Figure 
2.4. 
 
 
 
 
 
 
Figure 2.18: Predicted CVD film growth rate versus aspect ratio for step coverages of 0.90, 0.95, and 
0.99. 
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Figure 2.19: Comparison of the aerogel coating profile and the profile expected from theory. 
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CHAPTER 3 
 
THREE-DIMENSIONAL SELF-ASSEMBLED PHOTONIC CRYSTALS WITH HIGH 
TEMPERATURE STABILITY FOR THERMAL EMISSION MODIFICATION* 
 
 
 Static CVD is a thin film deposition technique with promising utility.  This chapter 
presents an example of an application that was brought to life with SCVD.  The text of this 
chapter is from a manuscript prepared by Dr. Kevin Arpin, Prof. Paul Braun, Prof. Shanhui Fan, 
and Prof. Mark Losego; it has been edited to highlight the collaborative fabrication and analysis 
of thermally stable HfB2 photonic crystals for solar thermophotovoltaic (sTPV) applications. 
 The efficiency limitations of current single-junction photovoltaics are well-known and 
described in detail in Reference 1.  Multijunction solar cells address inefficiencies by employing 
multiple p-n junctions, but the fabrication process is complex [1].  Solar thermophotovoltaics 
(sTPV) hold the promise of greater efficiencies, theoretically up to 85 % [1-3], with single-
junction PV cells. 
Instead of harvesting photons directly from the sun, light is collected by an intermediate 
structure composed of a broad-band absorber and a narrow-band emitter [4].  The intermediate 
reaches temperatures greater than 1,000 °C and produces a modified thermal emission.  The 
intermediate requires a high temperature material [4, 5].  The light incident on the photovoltaic 
cell is spectrally narrowed to a small range of energy just above the electronic bandgap energy 
of the solar cell [1].  The narrowed emission range can be tailored to a PV cell by adjusting the 
dimensions of the emitter [5, 6].  The solar cell – which can be an inexpensive low-bandgap 
single-junction cell [7] – can efficiently convert the intense, narrow-band light [1]. 
Metallic photonic crystals have been shown to exhibit spectrally narrowed 
emission [8, 9].  Photonic crystals preferentially emit light at a photonic bandgap edge and 
suppress emission within the photonic bandgap regime.  Previously reported tungsten woodpile 
structures demonstrate narrowed thermal emission, but these structures involve a complex 
fabrication process requiring conventional microfabrication techniques [10, 11].  It is desirable to 
produce inverse opal-based photonic crystals using simple self-assembled templates and 
subsequent metal infilling due to the cost advantages [12].  The fabrication of thermally stable 
                                                          
*This chapter is comprised of a journal article written by Dr. Kevin A. Arpin and others [K. A. Arpin, M. D. 
Losego, A. N. Cloud, H. Ning, J. Mallek, N. P. Sergeant, L. Zhu, Z. Yu, B. Kalanyan, G. N. Parsons, G. S. 
Girolami, J. R. Abelson, S. Fan, and P. V. Braun, Nat. Commun. 4, (2013)]. The article has been 
republished with the permission of the copyright holder. 
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inverted opal structures has been a challenge, even when these structures are made from 
tungsten [5, 8, 13, 14]. 
Kevin Arpin, Justin Mallek, and I have demonstrated thermally stable nanometer-scale 
inverted opals of HfB2.  These inverted opals are easily fabricated from self-assembled three-
dimensional synthetic opal templates [9, 12] which are then infilled conformally by SCVD.  The 
nanoscale multidimensional order of the resultant structures is preserved at temperatures 
beyond 1,000 °C.  Fourier transform infrared spectroscopy was used to measure, for the first 
time, the photonic bandgap of a metallic inverse opal photonic crystal.  This work indicates that 
refractory ceramic materials with metal-like optical properties are viable candidates for photonic-
crystal based sTPV devices and should be more extensively studied. 
These structures were the first thermally stable photonic crystals of their type.  Shortly 
after their development, Prof. Mark Losego et al. fabricated thermally stable tungsten structures 
via atomic layer deposition.  These are of greater interest to the photonic community because 
tungsten is a well-known, well-characterized optical material.  While my involvement only 
entailed work with the HfB2-based structures, the contents of the project are reproduced in full in 
this chapter in order to present a cohesive story. 
This work was highly collaborative and demanded the input of many specialists.  Justin 
Mallek prepared the HfB2 CVD precursor.  Justin Mallek and I conformally infilled colloidal 
crystal samples with HfB2 using static CVD.  I conducted the materials analysis of the HfB2-
infilled samples subsequent to their fabrication.  Prof. Mark Losego, Berç Kalanyan, and 
Prof. Gregory Parsons deposited tungsten and assisted with the characterization of the material.  
Hailong Ning performed simulation experiments and assisted with various fabrication and 
processing steps.  Dr. Nicholas Sergeant, Linxiao Zhu, and Prof. Zongfu Yu performed the 
thermal emission measurements and analyzed the data.  Dr. Kevin Arpin performed all other 
fabrication and characterization.  Dr. Arpin and Prof. Paul Braun directed the research.  
Dr. Arpin, Prof. Braun, Prof. Shanhui Fan, and Prof. Losego wrote the manuscript.  All authors 
discussed data and commented on the manuscript. 
3.1 Introduction 
The broad energy distribution of solar radiation is one of the fundamental factors limiting 
the efficiency of photovoltaic (PV) cells.  Single-junction PV cells convert radiation to electricity 
most efficiently over a narrow range of energies, located slightly above the electronic band gap 
of the PV cell.  Losses due to unabsorbed low-energy photons and thermalization of high-
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energy photons contribute to the limit in efficiency that can be achieved using a single-junction 
PV cell under solar irradiation (the Shockley-Queisser limit) [15].  Multijunction cells provide 
increased efficiencies, but are challenging to manufacture at low cost.  Another approach to 
high efficiency solar energy harvesting is to convert the solar spectrum to near monochromatic 
radiation with energies comparable to the electronic band gap energy of a single-junction PV 
cell, minimizing losses due to unabsorbed photons and band edge thermalization, enhancing 
the solar energy conversion efficiency.  Solar thermophotovoltaic (sTPV) devices implement this 
approach by thermally coupling a broadband solar absorber with a spectrally selective thermal 
emitter, whose narrowed thermal emission can be efficiently converted to electricity using a 
single junction PV cell [2, 3, 7, 8, 16-19].  Strategies for broadband absorption of solar radiation 
are well-understood [4, 19, 20], however engineering spectral emissivity is challenging because 
emissivity is generally dominated by the fundamental optical properties of the constituent 
materials.  This spectral conversion element must also be thermally stable and most 
calculations indicate the emitter temperature should be 1,000 °C or greater to be practical [3, 7, 
17-19, 21, 22].  A small increase in the emitter operating temperature (T) significantly increases 
the power output of the sTPV device (∝ T4) as predicted by the Stefan-Boltzmann Law.  Large 
emitter areas are also required because the emitted power scales with the emitter area, and 
fundamental thermodynamics require an emitter that has a substantially larger area as 
compared to the absorber [19]. 
Periodic structuring of materials on the order of the wavelength of light is one approach 
to spectrally alter emissivity [8, 11, 23-25].  Both two- [20, 24, 25] and three-dimensional 
architectures [8, 11, 23] can enhance or suppress thermal emissivity in desired frequency 
regimes yielding a spectral emissivity that is very attractive for sTPV applications.  Three-
dimensional (3D) photonic crystals [9, 26, 27] may provide control of emissivity in all directions 
relative to the emitter, as well as more degrees of freedom for the design of structures with 
desired emission properties [8, 11, 22, 28].  Previous reports of metallic, 3D photonic crystals 
have demonstrated the potential of such structures for thermal emission control [11, 23].  
However, fabricating a thermally stable, large area component that selectively emits thermal 
radiation in the NIR remains a challenge for the realization of efficient, cost-effective sTPV 
devices. 
Here, we use self-assembled colloidal crystals to template the growth of a refractory 
material (tungsten or hafnium diboride) and generate photonic crystals that are useful for the 
narrowband thermal emitting component of a sTPV device.  This approach is quite general and 
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other scalable templates (i.e. those formed by interference lithography [29]) could also be 
considered.  Our tungsten structures are stable to at least 1,400 °C and suppress thermal 
emission of otherwise wasted low energy photons at elevated temperatures.  This combination 
of thermal stability and modified thermal emission has not been previously demonstrated.  
Comparable thermal and optical properties for hafnium diboride (HfB2) photonic crystals are also 
demonstrated, suggesting that refractory ceramic materials with metal-like optical properties, 
which are previously unexplored, are useful for sTPV applications. 
3.2 Thermally stable tungsten photonic crystals prepared by atomic layer deposition 
Tungsten photonic crystals are widely studied for thermophotovoltaic systems because 
tungsten is both refractory and exhibits intrinsically preferential thermal emission for sTPV 
(higher emissivity at optical frequencies and lower emissivity in the IR).  Previous reports of 
tungsten photonic crystals formed from self-assembled templates used chemical vapor [13, 30], 
sol gel [5, 31], or electrochemically [14] deposited tungsten.  The thermal stability of the 
resulting structures was limited in part by the quality and density of the deposited tungsten, and 
no optical or emission properties were discussed.  In contrast, we have deposited tungsten 
conformally on silica colloidal crystal templates using atomic layer deposition (ALD).*  Then, 
tungsten was removed from the top of the structure by reactive ion etching, enabling removal of 
the silica template by chemical etching with hydrofluoric acid (HF), resulting in a tungsten 
inverse colloidal crystal. 
Figure 3.1 includes the microstructure and optical properties of the tungsten photonic 
crystals after annealing at 1,000 °C for 12 hours.  The data in the left column corresponds to 
tungsten-coated colloidal crystals and the right column contains data for the tungsten inverse 
colloidal crystals.  Both the tungsten-coated colloidal crystals and tungsten inverse colloidal 
crystals retain their 3D periodic structure after they were annealed at 1,000 °C for 12 hours and 
no significant cracking is observed.  This result is unprecedented.  All prior approaches at these 
length scales resulted in micron scale cracking and/or structural collapse at 1,000 °C [11-15].  
We attribute this success to the tungsten ALD process, which may provide a denser tungsten 
                                                          
*Tungsten was deposited inside colloidal crystal templates using a homebuilt flow-tube ALD system at 
215 °C and 0.6 Torr using nitrogen as a carrier gas flowing at 20 sccm (50 nm, 125 cycles, 1 s pulse of 
WF6, 60 s hold, 60 s purge, 300 s pulse of SiH4, 120 s purge).  Prior to tungsten ALD, 10 nm of Al2O3 was 
deposited inside the colloidal crystal template (90 cycles, 0.3 s pulse of trimethylaluminum, 20 s hold, 
60 s purge, 0.3 s pulse of water, 20 s hold, 90 s purge). The Al2O3 layer improves nucleation of tungsten 
during deposition.  Additional experimental details regarding the ALD reactor design are included in a 
separate publication [32].  Template etching was achieved by first removing the top tungsten layer using a 
20 s reactive ion etch (50 mTorr, 100 Watts, 4 sccm O2, 16 sccm SF6). 
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material than previous methods, reducing material shrinkage and cracking at elevated 
temperatures. 
Heating the tungsten-coated silica colloidal crystals above 1,200 °C completely destroys 
the 3D structure.  Failure is most likely a result of tungsten sintering and concurrent template 
softening as silica has a glass transition temperature of ~ 1,200 °C.  Similarly, tungsten inverse 
colloidal crystals are also destroyed after heating to temperatures greater than 1,200 °C, likely 
due to tungsten sintering [Figure 3.2(a)].  However, a protective coating of a refractory oxide 
(here 20 nm of hafnium dioxide, HfO2) conformally deposited by ALD onto the tungsten inverse 
colloidal crystals significantly enhances their high temperature stability [14].  As a result, we 
observe substantial retention of the 3D mesostructures even after annealing at 1,400 °C for 
1 hour [Figures 3.2(b) and (c)].  While some of the fine structural features are degraded, the 
overall 3D periodicity is retained and we observe no evidence of large scale cracking 
[Figure 3.2(c)].  The structural integrity achieved upon heating to 1,400 °C is unprecedented.  
We suspect optimization of the refractory coating may enable even greater thermal stability. 
The optical properties of the tungsten photonic crystals were probed by collecting 
reflectance (R) measurements using a Fourier transform infrared spectrometer (FTIR).  
Reflectance is commonly used to predict the spectral emissivity of a material because 
Kirchhoff’s Law states that emission is equal to absorption, which is equal to 1-R.  Materials that 
have a high reflectance at a given frequency will have a correspondingly low emissivity.  
Suppressed emissivity (high reflectance) in the IR is important for a sTPV device because black 
body emission contains a large number of sub electronic band gap photons that do not have 
sufficient energy to be absorbed and converted to electricity by a PV cell.  As deposited, the 
tungsten-coated colloidal crystals exhibit low reflectance in the visible regime that sharply 
increases around 1 μm to 70 % [Figure 3.1(d), black spectrum].  The high reflectance in the IR 
is observed until at least the limits of the detector (5 μm).  After the samples are annealed at 
1,000 °C for 12 hours, the reflectance of the tungsten-coated colloidal crystals remains low in 
the visible and becomes enhanced in the IR, reaching a value of ~ 90 % [Figure 3.1(d), solid red 
spectrum].  Crystallization upon heating likely alters the optical properties of the tungsten 
material and thus, the photonic crystal.  In general, the reflectance in the IR of the tungsten 
inverse colloidal crystals is lower in intensity and the transition from low reflectance to high 
reflectance is red shifted as compared to the tungsten-coated colloidal crystals.  Figure 3.1(h) is 
the reflectance spectrum of a tungsten inverse colloidal crystal after it was annealed at 1,000 °C 
for 12 hours (solid red spectrum). 
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The finite difference time domain (FDTD) method was used to calculate the expected 
reflectance spectra of these structures using optical constants of crystalline tungsten taken from 
the literature.  For the tungsten-coated colloidal crystals annealed for 12 hours at 1,000 °C, the 
general form of the simulated reflectance spectrum [Figure 3.1(d), dashed red spectrum] 
approaches the measured reflectance spectrum.  The reflectance of the tungsten inverse 
colloidal crystals as predicted by FDTD is included in Figure 3.1(h) (dashed red spectrum) and 
the spectral shape closely matches the measured data (solid red spectrum).  The measured 
reflectance is less than the calculated intensity, in particular at longer wavelengths, however, 
this result is not surprising given the roughness of the top surface of the etched tungsten 
photonic crystal, which is not included in the simulation. 
Thermal emission measurements of the tungsten photonic crystals at elevated 
temperatures (900 °C) were conducted using a home-built emissometer to experimentally verify 
suppression of thermal emission at undesired energies.  In brief, the samples were heated 
under vacuum to 900 °C and thermal emission was collected using an FTIR spectrometer.  A 
calibrated black body standard was used as a reference to calculate the relative emissivity of 
the photonic crystals.  Figure 3.3 shows the measured reflectance (R) and measured emissivity 
of a tungsten coated colloidal crystal [Figure 3.3(a)] that was previously annealed at 1,000 °C 
for 12 hours and a tungsten inverse colloidal crystal protected with HfO2 [Figure 3.3(b)] that was 
previously annealed at 1,400 °C for 1 hour.  As predicted from Kirchhoff’s Law, the measured 
relative emissivity is very close to 1-R.  The agreement between these two independent 
measurements of reflectance and emissivity provides an indication of the consistency of the 
data.  Both structures exhibited suppressed thermal emission at long wavelengths.  In any sTPV 
device, suppressed emission of long wavelength photons will result in fewer sub electronic band 
gap photons arriving at the PV cell and thus less wasted energy.  
The power of thermal emission from a real material, at a given energy, cannot exceed 
the power emitted by a theoretical black body at the same temperature, T.  Thus, maximum 
power output from a narrowband thermal emitter at temperature, T, is achieved when the 
spectral position of the allowed emission band coincides with the spectral position of the 
maximum in the black body spectrum for the same temperature, T.  To achieve high efficiency 
energy conversion, the photovoltaic material must efficiently convert light to electricity within that 
narrow band of allowed emission.  Figure 3.4 shows that the peak emissivity (low reflection) of 
the HfO2-protected tungsten inverse colloidal crystal is spectrally aligned with the maximum in 
theoretical black body emission at 1,400 °C and with the electronic band gap energy of 
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germanium (1.85 μm, 0.67 eV), a low band gap energy PV material commonly suggested for 
TPV applications. 
3.3 Hafnium diboride photonic crystals prepared by static CVD 
It is also interesting to consider alternative materials for sTPV.  Certain refractory 
ceramics, for example some borides, nitrides, and carbides, possess both metal-like optical 
properties and exceptional thermal stability.  Here, using a similar process as demonstrated for 
the tungsten photonic crystals, for the first time, we fabricate a metallic refractory ceramic 
photonic crystal to investigate the possibility of these materials for sTPV applications.  The 
hafnium diboride (HfB2) photonic crystals were fabricated by conformal deposition on silica 
colloidal crystal templates using a static chemical vapor deposition (SCVD) system.  This 
process has been described in Chapter 2 and in Reference 33.  A schematic of the static CVD 
growth apparatus is presented in Figure 3.5.  Static CVD deposits conformal and uniform film 
throughout the bulk of the colloidal crystal template [Figure 3.6].  Figure 3.7 is the AES depth 
profile of a HfB2 film that is approximately 50 nm-thick, deposited by static CVD.  The material is 
near stoichiometric.  The Auger signal from oxygen within the film corresponds to ~ 0.5 at. % 
and the carbon signal is ~ 1.5 at. %. 
After static CVD, template etching was achieved by first removing the top HfB2 layer 
using a 2 hour reactive ion etch (100 mTorr, 150 Watts, 4 sccm O2, 16 sccm CF4).  This over-
layer removal exposed the silica template, which was subsequently etched using 5 % 
hydrofluoric acid (HF) diluted with ethanol and glycerol (60:40 % by volume). 
As deposited, the HfB2 coated colloidal crystals did not demonstrate high reflectance in 
the IR [Figure 3.8(d), black spectrum].  However, after being annealed, the HfB2 coated colloidal 
crystals exhibit low reflectance in the visible and higher reflectance (60 %) above around 1 μm 
[Figure 3.8(d), red spectrum].  Previous studies indicate that annealing low temperature 
deposited HfB2 alters its optical properties [34], probably due to crystallization upon heating 
[Figure 3.9].  The HfB2 is amorphous as deposited.  After annealing to 1,000 °C for 12 hours the 
material is crystalline.  The silicon peaks in the X-ray diffraction pattern are present due to the 
silicon substrate.  The thermal stability of the HfB2 photonic crystals is also presented in 
Figure 3.8.  Figure 3.8(a) is a top-view SEM micrograph of a HfB2-coated colloidal crystal, as 
deposited.  Figure 3.8(b) is a top-view SEM micrograph of a HfB2-coated colloidal crystal after it 
was annealed at 1,000 °C for 12 hours.  The 3D structure is preserved; however, there is 
evidence of larger scale cracking after being annealed [Figure 3.10].  This is likely due to 
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material densification.  Improving the density of the as-deposited material could reduce the 
prevalence of cracking at elevated temperatures.  Figure 3.8(c) is a fracture cross section SEM 
of a HfB2 inverse colloidal crystal after it was annealed at 1,000 °C for 12 hours.  Above 
1,000 °C, the hafnium diboride samples were generally destroyed by oxidation, even though 
significant care was taken to remove oxygen from the annealing environment.  The intrinsic 
thermal stability of the HfB2 photonic crystals is notably greater than previous reports of 
tungsten photonic crystals [5, 13, 14, 30, 31], but does not yet match the stability of the HfO2-
protected tungsten structures presented herein.  Better control of the oxygen partial pressure 
during annealing, possibly in conjunction with conformal protective coatings [14] or 
additives [35] could enhance the oxidative stability of these structures. 
3.4 Conclusions 
In summary, using a scalable process we fabricated tungsten photonic crystals that are 
thermally stable up to 1,400 °C and stable up to 1,000 °C for prolonged time (at least 12 hours).  
Experimental measurements of thermal emissivity at 900 °C illustrate the expected suppression 
of thermal emission at long wavelengths.  Corresponding reflectance data agrees well with 
emissivity based on Kirchhoff’s Law and can be adequately explained using FDTD simulations.  
This combination of superior thermal stability and a direct measurement of modified thermal 
emission has not been previously demonstrated for a photonic crystal with feature sizes tuned 
for operation at high temperature and at frequencies required for TPV applications.  Initial 
investigations of hafnium diboride photonic crystals with thermal stability up to at least 1,000 °C 
and optical properties comparable to tungsten photonic crystals imply that the broader class of 
metallic refractory ceramic materials could be useful for TPV applications and should be further 
studied. 
Methods - Colloidal crystal template fabrication   
Silica colloids were fabricated using the methods described by Stöber et al. [36]. 
Colloidal crystals were assembled using previously published techniques [37].  Substrates 
(typically silicon or c-plane sapphire) were cleaned with piranha (3:1 H2SO4:H2O2 by volume) 
prior to colloidal crystal growth. 
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3.6 Figures 
 
Figure 3.1: SEM micrographs and reflectance properties of tungsten (W) photonic crystals before 
and after annealing.  The left column, (a) - (d) includes data for tungsten-coated colloidal 
crystals (CC).  The right column, (e) - (h) includes data for tungsten inverse colloidal 
crystals.  (a) and (e) Top-view micrographs, before annealing, of a tungsten-coated 
colloidal crystal and a tungsten inverse colloidal crystal, respectively.  (b) and (c) Top-
view micrographs of a tungsten-coated colloidal crystal after annealing at 1,000 °C for 
12 hours.  (f) and (g) Top-view micrographs of a tungsten inverse colloidal crystal after 
annealing at 1,000 °C for 12 hours.  (d) Reflectance spectra of tungsten-coated colloidal 
crystals.  The black spectrum is the measured reflectance of a tungsten-coated colloidal 
crystal before annealing.  The red spectrum is the measured reflectance of the same 
sample after annealing to 1,000 °C for 12 hours.  The dashed red spectrum is the 
reflectance of a tungsten-coated colloidal crystal as calculated using by the FDTD 
method.  (h) Measured (solid red) and calculated (dashed red) reflectance spectrum of a 
tungsten inverse colloidal crystal.  The measured sampled was annealed at 1,000 °C for 
12 hours. 
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Figure 3.2: SEM micrographs of tungsten inverse colloidal crystals after annealing to temperatures 
greater than 1,000 °C.  (a) Fracture cross section micrograph of a tungsten inverse 
colloidal crystal (unprotected) after heating at 1,200 °C for 1 hour.  (b) Fracture cross 
section and (c) top-view micrographs of tungsten inverse colloidal crystals protected with 
HfO2 after heating to 1,400 °C for 1 hour. 
 
 
 
 
Figure 3.3: Measured emissivity (dashed red) and reflectance (solid red) of annealed tungsten 
photonic crystals.  (a) Emissivity and reflectance of a tungsten-coated colloidal crystal 
after annealing at 1,000 °C for 12 hours.  (b) Emissivity and reflectance of a tungsten 
inverse colloidal crystal, protected with HfO2, after annealing at 1,400 °C for 1 hour.  For 
both graphs, note that emissivity is approximately equal to 1-R, as predicted by 
Kirchhoff’s Law. 
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Figure 3.4: Reflectance of a tungsten inverse colloidal crystal, protected with HfO2, annealed at 
1,400 °C for 1 hour (red spectrum) plotted with the theoretical black body emission at 
1,400 °C (black spectrum).  The blue line indicates the electronic band gap of 
germanium. 
 
 
 
 
 
 
Figure 3.5: Schematic of the static CVD apparatus employed for the conformal growth of HfB2. 
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Figure 3.6: Cross-sectional SEM micrograph of a HfB2-infilled colloidal crystal template.  Focused ion 
beam milling was used to expose the cross section of the microspheres.  Complete, 
conformal infilling of the template was achieved.  This micrograph was collected before 
reactive ion etching and before silica template etching.  Voids are due to stacking defects 
of the spheres, not nonuniformity of the HfB2 coating process.   
 
Figure 3.7: Auger electron spectroscopy depth profile of HfB2 deposited by static CVD on a silicon 
substrate. 
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Figure 3.8: SEM micrographs and optical properties of hafnium diboride (HfB2) photonic crystals 
(PhC) before and after annealing.  (a) Top-view micrograph of a HfB2-coated colloidal 
crystal before annealing.  (b) Top-view micrograph of a HfB2-coated colloidal crystal after 
annealing at 1,000 °C for 12 hours.  (c) Fracture cross section micrograph of a HfB2 
inverse colloidal crystal after annealing at 1,000 °C for 12 hours.  (d) Reflectance spectra 
for HfB2 photonic crystals.  The black spectrum is the measured reflectance of a HfB2-
coated colloidal crystal before annealing.  The red spectrum is the measured reflectance 
of a HfB2-coated colloidal crystal after annealing at 1,000 °C for 12 hours. 
  
a b
c d
1μm 1μm
1μm Wavelength (μm)
R
ef
le
ct
an
ce
HfB2 PhC - annealed
HfB2 PhC
60 
 
 
 
 
 
Figure 3.9: X-ray diffraction pattern of a hafnium diboride (HfB2)-coated colloidal crystal after 
annealing at 1,000°C for 12 hours.  The broad peak at low angles corresponds to the 
silica colloidal crystal template. 
 
 
 
 
 
 
Figure 3.10: Top-view micrograph of a HfB2-coated colloidal crystal after annealing at 1,000 °C for 
12 hours.  Cracking is a product of HfB2 densification and shrinkage upon crystallization. 
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CHAPTER 4 
 
LOW-TEMPERATURE CVD OF η-Mn3N2-x FROM  
BIS[DI(TERT-BUTYL)AMIDO]MANGANESE(II) AND AMMONIA* 
 
 
4.1 Introduction 
Transition metal nitrides are an important class of materials due to a unique combination 
of properties; studies of metal nitrides have been reported extensively in the literature [1, 2].  In 
particular, manganese nitrides exhibit phase-dependent electronic and magnetic properties 
[3, 4].  MnxNy may be a constituent material in spintronic devices [5, 6]. 
However, manganese nitride thin films are difficult to prepare, thus their study has not 
been thoroughly reported.  While there have been isolated reports of synthesis by physical 
methods, there exists only one report of CVD growth [7].  Gordon et al. recently synthesized 
Mn4N films from bis(N,N’-diisopropylpentylamidinato)manganese(II) and ammonia [7], but no 
CVD routes to thin films of other manganese nitride phases are known. 
The work presented in this chapter is a continuation of MnxNy CVD studies conducted by 
previous investigators at the University of Illinois using a new precursor, bis[di(tert-
butyl)amido]manganese(II) [8, 9].  This linear, two-coordinate molecule was synthesized and 
described by Dr. Charles Spicer [9].  Dr. Teresa Spicer documented the first film growth using 
the new precursor [8].  Luke Davis and I recently replicated the previous study under more 
carefully controlled experimental conditions.  The results of this second study largely confirmed 
those of the previous investigation, but enabled a more complete explanation of the 
experimental results and the probable reaction pathways. 
The bis[di(tert-butyl)amido]manganese(II) precursor undergoes a transamination 
reaction in the presence of ammonia to produce η-Mn3N2-x films at substrate temperatures as 
low as 80 °C.  The growth of crystalline material at such low temperatures is notable.  We 
suspect that this phenomenon is attributable to the high-moment manganese atoms in a mixed 
valence state and to vacancies in the nitrogen sublattice.  These factors serve to lower the 
energetic barrier of metal-nitrogen bond scission and reformation and allow adatoms to settle in 
a low-energy, ordered structure. 
                                                          
*This chapter consists of previously published material [T. S. Spicer, C. W. Spicer, A. N. Cloud, L. M. 
Davis, G. S. Girolami, and J. R. Abelson, J. Vac. Sci. Technol. A, 31, 030604 (2013)].  This manuscript 
has been republished with the permission of the copyright holder. 
62 
 
The bulk of this chapter appears in a manuscript principally written by T. S. Spicer and 
C. W. Spicer [10].  C. W. Spicer and L. M. Davis prepared precursor and contributed critical 
insights into the chemistry of the film growth.  T. S. Spicer and I deposited and analyzed the film 
material.  The revised manuscript was prepared and discussed by all coauthors. 
4.2 Experimental details 
 The experimental conditions are described at length in Reference 10.  Several 
improvements were made to the initial experimental protocols.  While the initial growth studies 
were conducted with solid precursor at 40 °C, subsequent growths were conducted with 
precursor heated to greater temperatures (up to 85 °C).  The elevated precursor temperature 
increases the available precursor vapor pressure and thus the precursor flux on the substrate 
surface.  The secondary study also employed an argon carrier gas to ensure that all the 
nitrogen incorporated into the films is supplied by the reactants.  Ammonia was delivered from a 
source container filled with ultra-high purity ammonia that had been dried with solid sodium.  
Films were grown on substrates between 80 and 300 °C.  Selected films were capped with a 
conformal layer of HfB2.  The conformal growth of this material has been previously described 
[11].  HfB2 is an effective diffusion barrier [11] and in this case serves to protect the underlying 
manganese nitride from oxidation.  This allows an added measure of confidence in the ex situ 
composition analysis. 
4.3 Results 
 Film growth proceeds rapidly on substrates between 80 and 200 °C upon coflow of 
Mn[N(t-Bu2]2 and NH3.  The films adhere well to the etched, hydrogen-terminated Si(100) 
substrates used.  A cross-sectional SEM image of a film grown at 80 °C is shown in Figure 4.1.  
The films exhibit a distinctly columnar morphology from reaction onset to 200 °C.  A HfB2-
capped film is shown in Figure 4.2; the HfB2 conformally covers the uneven film surface. 
The composition of the films is determined by Auger electron spectroscopy.  The 
observed Mn:N ratio is ~ 2.5:1.  The films are slightly nitrogen-deficient – the formal oxidation 
state of the manganese in the precursor Mn[N(t-Bu2]2 is +2, which should give rise to 
stoichiometric Mn3N2 films if no nitrogen loss takes place.  The films grown here are denoted as 
Mn3N2-x where x is approximately 0.7 [10]. 
 The chemical bonding in the film is assessed using X-ray photoelectron spectroscopy.  A 
plot of the spectrum in the nitrogen region is presented in Figure 4.3.  The peak energy is 
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consistent with a metal nitride film [12, 13].  This film was grown at 80 °C and the XPS spectrum 
is representative of films grown at substrate temperatures up to 200 °C.  The films grown here 
are nitrided even at the lowest temperature at which growth occurs. 
Contrary to the results of the previous investigators [10], the film growth rate is weakly 
dependent on substrate temperature from onset to 200 °C; this finding suggests that even at the 
lowest temperature the growth is in the flux-limited regime [10].  Films grown on substrates at 
300 °C begin to incorporate carbon from the precursor. 
Even at the lowest ammonia flow rates we investigated, the flux of ammonia is much 
higher than that of the precursor, and growth rates are nearly invariant to ammonia flow rate 
between 1 and 10 sccm.  At sufficiently high ammonia flow rates (> 40 sccm), the growth is 
arrested.  Growth also does not occur in the absence of ammonia below 300 °C.  Above that 
temperature, the deposits are likely due to precursor decomposition only. 
The growth rate can be increased significantly by increasing transport of precursor out of 
the container, either by heating to 75 °C (i.e. above the precursor melting point of ~ 72 °C [14]) 
or by increasing the carrier gas flow rate.  Growth rates of up to 10 nm/min can be achieved with 
liquid precursor. 
4.4 Discussion 
These new results support the hypothesis that growth proceeds as the precursor 
undergoes a rapid, irreversible, gas-phase transamination reaction with ammonia and that 
ammonia is the source of the nitrogen present in the films.  The reaction likely yields Mn-NH2 
groups and di(tert-butyl)amine [10].  The Mn-NH2 groups react to form film and the di(tert-
butyl)amine is pumped away.  The nitrogen-deficient films likely lose nitrogen as subsequent 
reactions eliminate NH3 and N2, leaving the resultant Mn3N2-x product [10]. 
The columnar morphology of the films is suggestive of a growth species with a high 
sticking coefficient and a surface adsorbate with a low mobility [15].  This is consistent with the 
above hypothesis.  Additional support is provided by the temperature independence but 
precursor flux dependence of the growth rate between 80 and 200 °C. 
The chamber design (the distance between precursor dosing tube outlet and substrate is 
ca. 4 cm) and mean chamber pressure during growth (ca. 5 mTorr) ensure that gas-phase 
collisions between the precursor and ammonia will occur before the precursor arrives at the 
substrate.  The incorporation of carbon at temperatures above 300 °C could mean that the 
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transamination is incomplete in the gas phase, and that γ-hydrogen abstraction from residual 
di(tert-butyl)amide groups generates metallacycles containing Mn-C bonds.  If this mechanism 
is correct, it may be possible to obtain carbon-free manganese nitride films at 300 °C by 
employing higher ammonia fluxes than these explored here, such that the transamination rate 
exceeds the γ-hydrogen abstraction rate [10].  Alternatively, the carbon could arise because the 
di(tert-butyl)amine byproduct is reactive at these higher temperatures and decomposes on the 
surface to generate Mn23C6.  In this case reducing the residence time of the byproducts in the 
hot zone could reduce the carbon content. 
The complete suppression of growth by high pressures of ammonia is not likely to be a 
result of volatilization of surface manganese amido fragments as ammonia adducts, 
Mn(NH2)2(NH3)x; such species are not expected to be stable or volatile enough.  It is more likely 
that large ammonia fluxes block reactive sites on the surface, preventing the gas-phase 
manganese-containing species from adsorbing and reacting [16, 17].  While ammonia 
dissociates on bare Si(100) surfaces with a high sticking coefficient (for example, it is 0.9 at 
80 °C and 0.5 at 300 °C), as the surface coverage of adsorbates approaches unity this 
coefficient drops to less than 0.1 at all temperatures [18].  On the Si(100)-H surfaces used in our 
experiments, ammonia does not dissociate and thus does not adsorb strongly [19]. 
Although we did not carry out any experiments on SiO2, it is known that ammonia can 
suppress CVD growth on this surface despite the fact that ammonia adsorbs only weakly [20].  
For example, inhibition of film growth by ammonia has been reported for TiN deposition from 
TDMAT on SiO2 [21], and complete suppression reported for carbon deposition from acetylene 
on amorphous SiO2 [22].  We have reported complete suppression of the growth of HfB2 from 
Hf(BH4)4 on SiO2 at 250 °C with 1 mTorr of ammonia [23], and recently determined that 
nucleation proceeds unabated but steady-state growth is suppressed by ammonia adsorption to 
HfB2 surfaces [24].  Thus, it seems reasonable to conclude that inhibition of growth by high 
pressures of ammonia in our experiments also entails site-blocking by ammonia, which either 
suppresses nucleation on Si(100)-H or suppresses steady-state growth on the nucleated 
manganese nitride surface. 
We were surprised that crystalline films of the ceramic phase η-Mn3N2-x can be grown at 
growth temperatures as low as 80 °C.  Recently, Mn4N films with at least some crystallinity have 
been grown by CVD at 130 °C [7]; in contrast, temperatures of 290 °C or higher are required to 
obtain crystalline manganese nitrides by other techniques such as solvo-thermal synthesis from 
MnCl2 and sodium azide [25].  Both the low growth temperature and the crystallinity of the CVD-
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grown manganese nitride films may reflect the high chemical reactivity of the high-spin, two-
coordinate manganese(II) center in Mn[N(t-Bu)2]2 [9, 14].  Two-coordinate complexes are often 
very reactive owing to coordinative unsaturation [26], and complexes featuring high-spin 
transition metal centers are kinetically labile and undergo rapid ligand substitution reactions [27]. 
In addition, the high-spin Mn2+ center in the precursor is likely to remain high-spin 
throughout a significant fraction of the reaction sequence that leads to film growth [10].  Notably, 
the more nitrogen-rich manganese nitrides, including Mn3N2, have magnetic properties and Mn-
N distances that are consistent with the presence of high-moment manganese atoms in mixed 
valence states [3, 4, 28-33].  Because the different valence states of manganese have different 
preferred coordination geometries, we suggest that change in the charge state of a manganese 
atom can promote local atomic rearrangement, similar to the Bourgoin-Corbett diffusion 
mechanism [34].  In addition, the presence of vacancies in the nitrogen sublattice can provide 
mechanisms for atom movement and lower the annealing temperatures.  Together, these 
factors lower the energies needed to break and reform metal-nitrogen bonds and thus allow the 
deposited atoms to settle more easily into a low-energy ordered arrangement.  As a result, 
crystalline films are formed even at what are extraordinarily low growth temperatures for a 
ceramic phase. 
4.5 Conclusions 
We have demonstrated the growth of crystalline η-Mn3N2-x films between 80 and 200 °C.  
The growth likely proceeds via rapid transamination of the precursor with ammonia to afford 
manganese amido fragments with high sticking coefficients and low surface mobilities.  These 
fragments decompose to the manganese nitride film, and crystallization during this process may 
be facilitated by the kinetic lability of the high-spin manganese atoms along with the presence of 
manganese centers in mixed valence states and vacancies in the nitrogen sublattices.  A 
general strategy to obtain ceramic films with good crystallinity at low CVD growth temperatures 
may be to employ precursors with high-spin metal centers able to adopt two or more valence 
states.  Finally, the present results indicate that it may be possible to grow epitaxial films of 
MnxNy phases at low temperatures on suitable substrates. 
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4.7 Figures 
 
 
 
 
 
 
 
 
 
Figure 4.1: SEM cross section of a manganese nitride film grown on a substrate heated to 80 °C.  
The morphology is clearly columnar, suggesting a growth species with a high sticking 
coefficient and low surface mobility. 
 
 
 
 
 
 
 
 
 
Figure 4.2: SEM cross section of a manganese nitride film with a HfB2 capping layer grown on top.  
The HfB2 is grown under conformal conditions to seal the surface and prevent oxidation 
of the underlying film. 
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Figure 4.3: XPS spectrum of the N region of a manganese nitride film grown on a substrate heated to 
80 °C.  The peak binding energy is consistent with metal nitride bond energies [12, 13].  
The films grown in this process are nitrided even at the growth onset temperature. 
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CHAPTER 5 
 
LOW-TEMPERATURE CVD OF IRON, COBALT, AND NICKEL NITRIDE THIN FILMS FROM 
BIS[DI(TERT-BUTYL)AMIDO]METAL(II) PRECURSORS AND AMMONIA 
 
 
Chapter 4 described the growth of η-Mn3N2-x from bis[di(tert-butyl)amido]manganese(II) 
and ammonia.  Using the same methods, related precursors can be synthesized in which the 
metal center is one of the late transition metals iron, cobalt, or nickel.  Here I report low-
temperature chemical vapor deposition of iron nitride, cobalt nitride, and nickel nitride thin films 
from bis[di(tert-butyl)amido]metal(II) precursors and ammonia.  Few thin film synthesis routes 
exist for these materials despite their high utility.  In this work, transamination of bis[di(tert-
butyl)amido]metal(II) precursors with ammonia is shown to be a general strategy for the growth 
of metal nitride films.  As for manganese nitride growth, deposition occurs at low substrate 
temperatures – remarkably, as low as room temperature in the case of iron nitride. 
This study is a collaborative effort.  Luke M. Davis prepared and characterized the 
precursors and provided ultra-high purity ammonia.  I deposited the metal nitride films and 
conducted the materials analysis.  The manuscript that provides the basis of this chapter was 
written by L. M. Davis and myself. 
5.1 Introduction 
Late transition metal nitrides are an interesting class of materials with useful mechanical, 
magnetic, and electronic properties.  Realized and potential applications of late transition metal 
nitrides include tool coatings, magnetic recording media, and battery electrodes [1, 2].  Although 
bulk samples of late transition metal nitrides have been extensively studied [3, 4], thin films of 
these materials are difficult to prepare.  Magnetron sputtering of ferromagnetic materials can be 
problematic due to the reduction and destabilization of the magnetic flux near the target, 
resulting in relatively poor quality films [5, 6].  For this and other reasons, chemical vapor 
deposition (CVD) represents an attractive alternative to physical vapor deposition (PVD) 
techniques.  High-temperature (> 400 °C) plasma-enhanced CVD techniques have been 
explored [1], but these techniques restrict the potential applications to those that involve 
thermally robust substrates.  The present work shows that a new family of precursor molecules 
can provide late transition metal nitride films at growth temperatures as low as 25 °C. 
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The thermodynamically stable* phases of iron nitride are limited to orthorhombic ζ-Fe2N, 
hcp ε-Fe3-xN (0 ≤ x ≤ 1), fcc γ'-Fe4N, and solid solutions in bcc α-Fe [1, 8, 9].  Also commonly 
encountered is the metastable fcc γ-Fe4N phase (N atoms disordered in the octahedral holes of 
bcc α-Fe; the related stable γ'-Fe4N phase is ordered) [10]. 
The earliest interest in metal nitride films was as wear-resistant coatings for steel 
tools [1].  FexN phases with 2 ≤ x ≤ 8 exceed pure iron in mechanical hardness and chemical 
stability and also saturation magnetization [1, 11].  In general, the high saturation magnetization, 
moderate coercivity, and easy perpendicular magnetization of iron nitrides make them 
compelling candidates for high density magnetic recording applications [1, 11-13].  The 
metastable bct α''-Fe16N2 phase has been reported to have an exceptionally high room-
temperature saturation magnetization of 2050 G, 100 G higher than the Fe0.65Co0.35 alloy found 
at the apex of the Slater-Pauling curve [14]. 
Several PVD routes to iron nitride phases have been reported: fcc γ''-FeN films have 
been obtained by reactive magnetron sputtering [15, 16], FeN1-x, γ'-Fe4N, and Fe16N2 films have 
been grown by molecular beam epitaxy (MBE) [13, 17, 18], a mixture including ε-Fe3N, γ-Fe4N, 
Fe16N2, and α-Fe has been deposited by electron cyclotron resonance (ECR) microwave plasma 
nitriding [11], and films as nitrogen-rich as Fe4N, including Fe16N2, have been obtained by 
reactive evaporation [12, 14, 19].  CVD methods include various high-temperature (> 400 °C) 
and plasma-enhanced routes to afford ζ-Fe2N, ε-Fe2-3N, and γ-Fe4N films [1, 20].  In the only 
known example of low-temperature CVD, iron nitride in a mixture of α-Fe and γ'-Fe4N phases 
has been deposited from the molecular cluster HFe4(CO)12N at 160 - 180 °C [21].  Although 
carbon and oxygen concentrations were reported to be low, the film growth self-terminated after 
~ 40 nm [21], probably owing to poisoning effects. 
Common metastable phases of cobalt nitride are fcc α-Co4N and hcp γ-Co3N; CoN and 
orthorhombic δ-Co2N have also been prepared [6, 22].  Cobalt nitride films have a broad range 
of potential applications.  Thin films of Co4N and especially Co3N possess large perpendicular 
magnetic anisotropy and an easy magnetization axis normal to the film surface [23, 24] and may 
be useful for perpendicular magnetization devices [24].  Cobalt nitrides such as CoN, Co3N, and 
                                                          
*In discussing the thermodynamic stability of late transition metal nitrides, it is important to note that most 
phase diagrams are constructed from the metal in equilibrium with 1 atm of NH3/H2 mixtures having the 
equivalent fugacity of several thousand atm of N2 [7].  Consistent with this fact, calculations suggest that 
only those phases of iron nitride with Fe:N ≥ 1.7:1 are thermodynamically stable at room temperature 
under 1 atm of N2, and no phases of cobalt nitride or nickel nitride are stable [8].  However, high kinetic 
barriers to nitrogen atom recombination allow for a quite broad compositional range of metastable phases 
for all three metals. 
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Li2.6Co0.4N have been studied as anode materials for next-generation lithium ion batteries [2, 25-
28].  Li2.6Co0.4N is foremost in the literature; it is promising due to its high reversible capacity of 
800 mAh/g [26] (compared with 372 mAh/g for commercially prepared graphite [27]) and 
excellent cycle stability [25, 26].  The Co4N phase has also recently been investigated as a 
microelectronic adhesion layer in copper interconnects, enabled by the close lattice match with 
Cu and strong bonding with nitride diffusion barrier materials [29].  The Co4N layer promotes the 
nucleation of Cu seed layers and provides a stable interface up to 400 °C [29]. 
Few synthetic routes to cobalt nitride thin films have been reported.  Reactive sputtering 
of cobalt metal in the presence of N2 has given cobalt nitride thin films, with N contents ranging 
from dilute solid solutions to CoN [5, 22-24, 30-34].  Pulsed laser deposition from cobalt metal in 
a nitrogen environment affords films as nitrogen-rich as Co2N3 [6].  Tetragonal Co2N has been 
grown from CoCl2 in the presence of a N2-H2-Ar plasma at 455 °C [35].  To our knowledge, the 
only example of thermal CVD is the growth of CoxN (2.3 ≤ x ≤ 6.9) from CVD using bis(N-tert-
butyl-N'-ethylpropionamidinato)cobalt(II) in conjunction with a gaseous mixture of NH3 and H2 
between 100 and 180 °C [29]. 
The most common phase of metastable nickel nitride is Ni3N, which exists as an hcp α-
form with disordered nitrogen and an hcp β-form with a hexagonal nitrogen superlattice [36].  A 
bct Ni2N phase has been characterized, as have fcc, pc, and fct Ni4N phases and one fcc Ni8N 
phase [36, 37].  Although these phases are kinetically stable at room temperature, all nickel 
nitrides decompose rapidly at 350 °C in vacuum [37].  Ni3N has attracted interest for use in 
magnetic memory storage devices [38].  Nickel nitrides, particularly Ni3N, are promising anode 
materials for lithium ion batteries [39].  Surface nitriding of nickel films affords counter electrodes 
for dye-sensitized solar cells that approach the performance of platinum [40]. 
Nickel nitride thin films have typically been prepared by physical means, namely ion 
implantation [36, 41] and reactive sputtering [37, 42-44].  Annealing α-Ni3N films prepared by ion 
implantation leads to nitrogen release and successive formation of β-Ni3N, Ni4N, and Ni8N 
films [36].  Variation in the nitrogen gas pressure during reactive sputtering allows access to 
several Ni4N phases and the previously unrecognized Ni2N phase [37].  Ni3N has also been 
deposited from NiCl2 in the presence of a N2-H2-Ar plasma at 440 °C [35].  We know of only two 
reports of the thermal CVD of a nickel nitride phase.  Ni3N deposits from bis(2,2,6,6-tetramethyl-
3,5-heptanedionato)nickel(II) and NH3 between 200 and 300 °C [45].  Smooth, conformal films 
of NixN, 3 ≤ x ≤ 15, result from the direct-liquid-injection CVD of bis[N,N'-di(tert-
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butyl)acetamidinato]nickel(II) in the presence of NH3 between 160 and 200 °C; the stoichiometry 
can be controlled by varying the ammonia partial pressure [46]. 
We recently described the low-temperature CVD of η-Mn3N2-x from Mn[N(t-Bu)2]2 in the 
presence of ammonia [47].  Here, we report our explorations of the deposition of metal nitride 
thin films from three other new M[N(t-Bu)2]2 precursors [48-50], where M = Fe, Co, Ni.  These 
precursors deposit films of iron, cobalt, and nickel nitrides in the presence of ammonia, in some 
cases affording films at room temperature. 
5.2 Experimental details 
Thin films of late transition metal nitrides are grown by metalorganic chemical vapor 
deposition (MOCVD) in a cold wall, high vacuum chamber described previously [51].  The base 
pressure is 8.0×10-7 Torr.  The substrate and its holder are heated radiatively by a nearby 
tungsten filament; the substrate temperature is monitored by a K-type thermocouple mounted 
on the sample holder. 
Films are grown on degenerately doped p-type Si(100) and, in selected cases, on 
MgO(100).  All substrates are cleaned ultrasonically for 10 minutes in successive acetone and 
isopropanol baths.  The silicon substrates are etched in 2 % HF solution to remove the native 
oxide; these substrates are then rinsed in deionized water, resulting in a hydrogen-passivated 
surface [52].  Chemically etched samples are inserted into the vacuum chamber within 
5 minutes of the etch. 
The M[N(t-Bu)2]2 precursors (M = Fe, Co, Ni) are prepared as described previously [48, 
49].  The precursors are sensitive to air and moisture, and are handled and stored under argon 
or in vacuum.  Each precursor is purified before use by sublimation, and their identity and purity 
are confirmed by comparison of the melting point and infrared (IR) absorption spectrum to the 
values reported for the completely characterized compound [48, 49].  The precursors are 
contained in a stainless steel reservoir with inlet and exhaust tubes to allow the use of a carrier 
gas (ultra-high purity Ar, 40 sccm) to improve vapor transport to the substrate.  This measure is 
necessary owing to the low vapor pressure of the precursors at room temperature (estimated to 
be a few mTorr).  To increase precursor transport out of the container, the reservoir is heated in 
a water bath to between 55 and 100 °C, depending on the precursor in use.  The reservoir 
temperature is selected to exceed the melting point of the precursor but avoid thermal 
decomposition.  This procedure results in different partial pressures for each M[N(t-Bu)2]2 
precursor, owing to the different melting points: 72, 40, and 52 °C for M = Fe, Co, and Ni [48]. 
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The growth reaction requires a coflux of NH3 to form the metal nitride film on the 
substrate.  To avoid oxygen-containing contaminants, we purified the ammonia for this study by 
condensing it into a flask, introducing sodium metal to ensure that the ammonia is thoroughly 
dry, and then vacuum distilling the product into a separate stainless steel container.  Ammonia 
flow into the deposition chamber is controlled by a series of needle valves.  It is necessary to 
segregate the precursor and the ammonia before their entry into the chamber because these 
molecules can react in the gas phase. 
Films are grown on substrates from room temperature to 300 °C.  Chamber pressure is 
measured with a capacitance manometer.  The ammonia partial pressure is varied between 0 
and 3 mTorr, which corresponds to an excess of ammonia relative to the flow of precursor.  The 
average chamber pressure during deposition is ~ 5.5 mTorr, the balance of the gas being 
argon.  Because the precursor and ammonia are delivered to the chamber through separate 
3.8 mm ID tubes pointed directly at the substrate, the local partial pressures at the surface are 
considerably larger than indicated by the average background pressure of the chamber. 
Film growth rates are determined by measuring film thickness by scanning electron 
microscopy (SEM) and dividing by the growth time indicated by changes in the optical response 
of the sample as measured by in situ ellipsometry.  Composition is determined primarily by ex 
situ Auger electron spectroscopy (AES).  To prevent oxidation before analysis, a 50 nm-thick 
HfB2 diffusion barrier [51] is grown atop the surface of selected films immediately after the 
nitride growth and before removal from the deposition chamber.  The HfB2 deposition is highly 
conformal and expected to fill the gaps between film columns to form a continuous, 
impermeable cap [51].  The capping layer is sputtered away during analysis to reveal the 
protected nitride film underneath.  No difference in metal-to-nitrogen ratio is observed between 
HfB2-capped and uncapped films.  Uncapped films are heavily oxidized and, due to the 
columnar morphology of the films, oxygen contamination can extend below the surface of the 
film. 
The deposited films are characterized by ex situ X-ray photoelectron spectroscopy 
(XPS) using a Physical Electronics PHI 5400 spectrometer.  The iron and cobalt nitride films are 
irradiated by a Mg Kα X-ray source driven at 300 W, whereas the nickel nitride films are probed 
by a monochromatic Al Kα source to avoid superposition of the LMM Auger lines of nickel with 
the nitrogen 1s signal.  Unless stated otherwise, XPS is conducted without sputtering into the 
bulk to avoid the possibility of altering the bonding states by bombardment with energetic ions.  
The binding energy scale is calibrated by setting the prominent C 1s signal to 285 eV.  Fitting 
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the spectra of transition metals is notoriously difficult and there is no unique solution.  Therefore 
we analyze only the binding energy of the N 1s peaks, which can be fit with a high level of 
confidence. 
TOF-SIMS is performed on selected FexN films.  Obtaining an absolute calibration of the 
hydrogen content of the films by TOF-SIMS requires a standard with the same matrix as the 
film, but there is no straightforward way to ensure that the reference has the same density and 
morphology except by ion implantation of a sample.  None of the films is thick enough to implant 
H with a spatial distribution suitable for calibration purposes, however. 
5.3 Results 
5.3.1 Iron nitride 
Passage of a mixture of Fe[N(t-Bu)2]2 and NH3 over a H-passivated Si(100) surface 
results in the deposition of FexN films at temperatures as low as 25 °C.  Growth begins rapidly 
following the introduction of the precursor into the chamber with little or no nucleation delay.  
The films have a columnar morphology that remains unchanged up to substrate temperatures of 
200 °C, as shown by bright-field TEM and SEM cross sections of iron nitride films grown at 
200 °C [Figure 5.1(a)] and room temperature [Figure 5.1(b)]. 
Composition analysis by AES profilometry indicates that the films have stoichiometries 
close to Fe4N (FexN, 4.0 ≤ x ≤ 4.25).  The Fe:N ratio is invariant (± 5 %) between 25 and 200 °C.  
The carbon signal in these films is below the instrument detection levels, but there is a small 
amount of oxygen, likely due to residual gas in the growth chamber.  By increasing the 
precursor flux and thus the film growth rate (to a maximum of ~ 11 nm/min), the oxygen 
concentration is reduced to ~ 3 at. %.  Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) shows that there is little difference in the relative hydrogen concentrations in the films 
grown at 25, 60, 100, and 200 °C. 
XPS analysis indicates that the films consist of metal nitride, even at the lowest growth 
temperature.  For a film grown at 25 °C, 95 % of the N 1s signal [Figure 5.2] is due to a 
component whose peak binding energy of 397 eV is consistent with metal nitride phase [53].  
Films grown at 100 °C and higher have only one N 1s peak, which is attributable solely to metal 
nitride. 
As-deposited FexN films on Si(100)-H are X-ray amorphous and do not produce electron 
diffraction patterns in TEM.  Coatings grown on MgO(100) substrates are also X-ray amorphous 
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as deposited, but they crystallize upon annealing at 600 °C in a reducing environment (forming 
gas, 95 % Ar, 5 % H2; 760 Torr total pressure).  We cannot make a positive identification of the 
crystalline phase formed, however, because the strong diffraction peaks of the substrate overlap 
those expected for iron nitrides.   
In parallel studies using standard Schlenk techniques, ammonia was condensed onto 
solid Fe[N(t-Bu)2]2 at -196 °C and then the mixture was warmed.  The precursor reacts with 
ammonia even below -33 °C, and at room temperature affords a black powder that consists of 
77.5 wt. % Fe (ICP-MS), and 10.8 wt. % N, 2.43 wt. % C, and 0.26 wt % H (combustion 
analysis).  The Fe:N atomic ratio is 1.8:1, and only negligible amounts of hydrogen are present.  
These results are consistent with nitrogen being present primarily as a nitride.  XPS analysis of 
a second batch of powder prepared in the same fashion without exposure to air gives a N 1s 
peak consistent with metal nitride.  The hydrogen content in the powder likely represents an 
upper bound on the hydrogen content in CVD-grown films. 
5.3.2 Cobalt nitride 
Growth of cobalt nitride films from Co[N(t-Bu)2]2 proceeds rapidly in the presence of NH3 
between 100 and 200 °C.  Just as for iron nitride, film growth does not occur in the absence of 
ammonia.  An SEM cross section of a CoxN thin film grown at 100 °C exhibits a clearly columnar 
morphology [Figure 5.3(a)], but this compares favorably to the more porous morphology of 
sputtered films [30].  The growth is not conformal in recessed structures; attempts to grow film in 
microtrenches are hampered by the shadowing effects characteristic of a highly reactive growth 
flux [54].  Because growth requires both Co[N(t-Bu)2]2 and NH3, film growth in an atomic layer 
deposition (ALD) mode might achieve better conformality. 
Under the deposition conditions probed, the film growth rate is ~ 15 nm/min.  Although 
the growth rate is apparently maximized with respect to the precursor flux, in situ ellipsometry 
indicates a further increase in growth rate when the NH3 partial pressure is raised above 
0.35 mTorr.  Growth under even more ammonia-rich conditions may yield significantly higher 
growth rates than those reported here.  As in the case of iron nitride, the substrate temperature 
does not strongly affect the steady-state film growth rate.  At 300 °C, however, there is a long 
nucleation delay (2 - 4 min) before growth commences. 
AES profilometry reveals a composition range that is independent of substrate 
temperature up to 200 °C.  The cobalt-to-nitrogen ratios are between 4.6:1 and 6.0:1.  The most 
N-rich film (70 at. % Co, 15 at. % N) is grown at 200 °C with an ammonia partial pressure of 
78 
 
0.25 mTorr.  Carbon contamination is only slightly above instrument detection limits at ~ 2 at. %.  
The ~ 13 at. % oxygen contamination is likely due to the residual gas background of the 
chamber we employed.  Despite the greater deposition rate of cobalt nitride films, oxygen 
incorporation is significantly higher than in the case of iron nitride. 
 The N 1s XPS spectrum of a sample grown at 100 °C exhibits a peak energy of 396.9 
eV [Figure 5.3(b)] that is consistent with the presence of a metal nitride phase, which is 
remarkable given the low growth temperature [6, 53].  Interestingly, films grown at 300 °C do not 
contain nitrogen.  As-deposited cobalt nitride films are X-ray amorphous, as observed for other 
low temperature CoxN growth processes [6, 33]. 
5.3.3 Nickel nitride 
Nickel nitride grows less readily from Ni[N(t-Bu)2]2 and NH3 than is the case for the iron 
and cobalt analogues.  Film growth does not occur below 150 °C, and only 85 nm is deposited 
after 30 minutes at 200 °C.  The film composition is approximately 81 at. % Ni and 9 at. % N, 
giving a Ni:N ratio of 9:1.  Unlike the iron nitride and cobalt nitride films, some carbon (~ 8 at. %) 
is present.  The oxygen content is below the instrument detection limit.  XPS analysis 
(Figure 5.4) indicates that the binding energy of the nitrogen present is consistent with a metal 
nitride [53]. 
5.4 Discussion 
The iron, cobalt, and nickel bis[di(tert-butyl)amido]metal(II) precursors all deposit metal 
nitride films at low temperatures in the presence of ammonia.  Growth begins at 25 °C for iron 
nitride, 100 °C for cobalt nitride, and 150 °C for nickel nitride.  The maximum observed growth 
rates are 11 nm/min for iron nitride, 18 nm/min for cobalt nitride, and 3 nm/min for nickel nitride.  
(By comparison, the analogous Mn precursor affords manganese nitride at temperatures as low 
as 80 °C and with growth rates as high as 10 nm/min [47].)  The resulting films adhere well to 
the substrate and have columnar morphologies consistent with high precursor sticking 
coefficients. 
The composition of the films varies with the metal; the metal:nitrogen atomic ratios are 
Fe4N, CoxN (4.6 ≤ x ≤ 6), and Ni9N.  Preserving the 2+ metal oxidation state of the precursors 
would require film stoichiometries of M3N2, thus, all the films have lost nitrogen during growth, 
presumably as N2. 
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For all three metals, N 1s binding energies in the XPS spectra are consistent with a 
metal nitride phase at all growth temperatures.  This is even true for 95 % of the N 1s signal of 
Fe4N deposited at room temperature.  Up to 200 °C, the metal-to-nitrogen ratio remains 
constant for a given metal (the relatively broad range for Co:N does not correlate with 
temperature or reactant pressure).  Although iron nitride films lose nitrogen when they are 
annealed at 600 °C, the nitrogen content of as-deposited films remains unchanged after several 
months in ambient conditions. 
The purity of the as-deposited metal nitride films varies somewhat as a function of the 
metal and the deposition conditions.  Oxygen incorporation (presumably from residual gases in 
the deposition chamber) in iron and cobalt nitrides can be suppressed (although not eliminated) 
by increasing precursor flux and, in turn, the film growth rate.  In the slow-growing nickel nitride, 
oxygen contamination remains below detection limits, but carbon (not a major contaminant for 
iron or cobalt nitride) reaches ~ 8 at. %.  The lack of oxygen in the nickel nitride films may result 
from a reaction between residual oxygen and nickel carbides, consistent with previous reports of 
the production of CO and CO2 from the action of oxygen on carbonaceous nickel at similar 
temperatures [55-57]. 
Metal nitride deposition from metal dialkylamides in the presence of ammonia typically 
proceeds via transamination to produce M-NH2 groups and free dialkylamine, as in titanium 
nitride growth from tetrakis(dimethylamido)titanium(IV) (TMDAT) [58-60], and as proposed for η-
Mn3N2-x growth from Mn[N(t-Bu)2]2 [47].  The metal amide species evolve to form the metal 
nitride film, while the amine byproduct leaves the growth surface.  The lack of film deposition 
below 300 °C in the absence of ammonia implies that transamination also initiates the reaction 
sequence leading to film deposition in the present systems. 
The columnar film morphologies are consistent with a process that involves gas-phase 
precursor species with a high sticking coefficient and surface-bound adsorbates with low 
mobility [54].  At the mean chamber pressure during growth (~ 5 mTorr) the mean free path is 
on the order of 1.5 - 150 mm (1.5 mm for pure precursor, 150 mm for pure argon), similar to the 
distance between the precursor dosing tube outlets and the substrate surface (~ 40 mm).  
Because the local pressure above the substrate surface is higher than the average chamber 
pressure, some gas-phase collisions must occur before the precursor arrives at the substrate.  
Transamination may thus begin in the gas phase to generate metal-NH2 species, which we 
would expect to be non-volatile and thus have high sticking coefficients.  We cannot, however, 
rule out the possibility that some of the transamination steps occur on the surface.  In either 
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case, the products of the transamination, presumably M(NH2)2 species, are expected to be non-
volatile. 
The compounds Mn(NH2)2 and Ni(NH2)2 have been structurally characterized in the 
crystalline state: they are a chain of tetramers [61] and a hexamer [62], respectively.  Owing to 
their non-monomeric structures, M(NH2)2 species are not likely to be volatile.  Interestingly, 
M(NH2)2 compounds decompose to metal nitrides with loss of ammonia in vacuum at ~ 120 °C 
for Mn(NH2)2 [63], < 25 °C for Fe(NH2)2 [64, 65], 120 °C for Co(NH2)2 [64], and 120 °C for 
Ni(NH2)2 [62, 66, 67].  The growth onset temperatures in our studies, 80 °C (Mn) [47], < 25 °C 
(Fe), 100 °C (Co), and 150 °C (Ni), correlate very well with these temperatures, thus lending 
support to our hypothesis that M(NH2)2 species are the intermediates in the metal nitride film 
growth process and that the onset temperature is determined by the kinetics of the 
decomposition of these species.  The temperature independence of the growth rate between 
growth onset and 200 °C under our conditions suggests that the deposition is flux-limited above 
the onset temperature. 
The non-zero carbon levels in the nickel nitride films indicate that a second reaction 
pathway is kinetically accessible at the comparatively high growth onset temperature and low 
growth rate of this film.  One plausible hypothesis involves γ-hydrogen elimination from 
coordinated di(tert-butyl)amide groups to form metallacycles containing metal-carbon bonds.  
Such bonds are believed to participate in carbon contamination in TiN deposition from TDMAT 
in the absence of ammonia [58].  Alternatively, the di(tert-butyl)amine byproduct of 
transamination might react with the growth surface.  XPS studies of the adsorption of 
alkylamines on nickel surfaces show dissociation or decomposition of the amines at 
temperatures similar to the present studies [68]. 
5.5 Conclusions 
We have demonstrated that the chemical vapor deposition of Mn, Fe, Co, and Ni nitride 
films can be accomplished from the di(tert-butyl)amide precursors M[N(t-Bu)2]2 with NH3 at low 
substrate temperatures – in one case, even at room temperature.  The XPS binding energies 
confirm that the nitrogen is present as nitride.  The M:N ratio in the deposited films decreases 
from Mn to Fe to Co to Ni;  all the films are nitrogen-deficient compared with the M3N2 
composition that would result if no redox chemistry is taking place.  The M:N ratio for each 
material is robust against variations in substrate temperature and reactant pressures.  Carbon 
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contamination in the films is minimal for the iron and cobalt nitride films, but similar to the 
nitrogen content in the nickel nitride films. 
Film growth likely proceeds by means of rapid transamination of the highly reactive 
bis[di(tert-butyl)amide] precursors with ammonia to afford metal amido fragments with high 
sticking coefficients and low surface mobilities.  The metal amido fragments decompose to form 
metal nitride films with a columnar morphology and presumably some N2.  Film growth rates are 
flux limited at all conditions investigated and can be enhanced by increasing the precursor flux.  
Deposition rates up to 18 nm/min have been realized.  As-deposited films are X-ray amorphous 
but the iron nitride film can be crystallized by annealing it at 600 °C. 
Some observations of this study stand out as remarkable.  Thermal CVD at room 
temperature is highly unusual, but we have found that iron nitride grows rapidly at 25 °C.  The 
di(tert-butyl)amido compounds are also able to serve as CVD precursors to manganese [47], 
cobalt, and nickel nitride phases, for which very few other CVD methods have been described.  
Thus, the family of di(tert-butyl)amide precursors provides a useful synthetic pathway for late 
transition metal nitride films that are difficult to produce by other means; the growth conditions 
are appropriate for deposition on temperature-sensitive substrates. 
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5.7 Figures 
 
 
 
 
 
 
 
 
 
Figure 5.1: (a) Bright-field TEM image of an electron-transparent cross section of a Fe4N film grown 
at 200 °C on Si(100) and protected by a HfB2 capping layer.  The HfB2 is deposited in situ 
by CVD; this conformal diffusion barrier prevents the Fe4N from being exposed to the 
atmosphere after the sample is removed from the vacuum chamber.  (b) SEM fracture 
cross section of a Fe4N film grown at room temperature (without the HfB2 capping layer).  
The columnar character of the film is evident. 
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Figure 5.2: XPS N 1s spectrum of a Fe4N sample grown at room temperature.  The peak centered at 
397 eV, which represents 95 % of the total N 1s signal, is consistent with metal 
nitride [53]. 
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Figure 5.3: (a) SEM cross section of a CoxN film grown at 100 °C.  The columnar character of the 
film is evident.  (b) XPS N 1s signal of a CoxN sample grown at 100 °C.  The peak 
binding energy is consistent with metal nitride [53]. 
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Figure 5.4: XPS N 1s signal of a Ni9N sample grown at 200 °C.  The peak binding energy of 
397.5 eV is consistent with metal nitride [53].  The surface of this sample was sputtered 
prior to measurement. 
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CHAPTER 6 
 
CVD HAFNIUM DIBORIDE AS A CONTACT MATERIAL FOR 
NANOELECTROMECHANICAL SWITCHES* 
 
 
This chapter documents a collaborative effort in partnership with researchers from 
Stanford University to demonstrate the first use of hafnium diboride thin films as a contact 
material for nanoelectromechanical (NEM) relay switches.  HfB2 is a material of interest for the 
NEMS community because it is quite hard, chemically resilient, stable at high temperatures, and 
electrically conductive.  The conformal coating processes developed for HfB2 CVD are 
conducive to NEMS device manufacturing: very smooth, conformal coatings can be deposited 
on the often intricate nanoscale structures.  Films are deposited by conformal low-pressure 
chemical vapor deposition onto pre-patterned substrates.  Subsequent processing of the coated 
samples releases laterally actuated nanoscale polysilicon switches.  The HfB2-coated switches 
tested here demonstrate sharp on-off switching when tested in an inert atmosphere.  This on-off 
behavior is desired for applications requiring energy efficiency; it eliminates the unavoidable 
leakage current of solid state devices.  However, HfB2 films develop an insulating oxide layer 
when exposed to the atmosphere.  The oxide layer can be mitigated by post-deposition etching 
with a buffered oxide etch solution.  Etched samples demonstrate contact resistances 
comparable to those measured in platinum-coated switches, which have been reported in prior 
work. 
While LPCVD is used in this case to deposit HfB2 film, it should be noted that static CVD, 
which was developed subsequent to these experiments, would be desirable for future 
NEMS/MEMS applications.  Using SCVD, large batches of samples can be simultaneously 
coated with identical and precisely controlled film thickness.  SCVD can also be used on 
temperature-sensitive substrates due to the lower achievable growth temperature. 
This work was highly collaborative.  W.S. Lee et al. at Stanford University prepared the 
patterned substrates, conducted the post-HfB2 deposition processing and characterization, and 
drafted the manuscript.  I deposited the HfB2 films, characterized the film material, developed 
the oxide etch protocols, and wrote the CVD sections of the manuscript. 
                                                          
*This chapter consists entirely of a manuscript prepared for the Hilton Head 2012 Solid-State Sensors, 
Actuators, and Microsystems Workshop.  The manuscript appears in the event’s technical digest: 
W. S. Lee, A. N. Cloud, J. Provine, N. Tayebi, R. Parsa, S. Mitra, H.-S. P. Wong, J. R. Abelson, and 
R. T. Howe, Technical digest of the 2012 Solid-State Sensor and Actuator Workshop, Hilton Head Island, 
SC, June 3-7, 2012, Transducer Research Foundation, Cleveland (2012).  This manuscript has been 
republished with the permission of the copyright holder. 
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6.1 Introduction 
Complementary metal-oxide-semiconductor (CMOS) scaling has resulted in the mass 
production and proliferation of microelectronics.  Recently, power constraints have become a 
limiting factor to scaling.  Scaling the supply voltage requires simultaneous scaling of the 
threshold voltage to avoid incurring a delay penalty [1].  Threshold voltage scaling, however, 
leads to an exponential increase in leakage current.  A further reduction in CMOS power 
consumption requires a device that does not suffer from these same scaling limits such as the 
nanoelectromechanical (NEM) switch.  The NEM switch has zero leakage current, highly 
scalable actuation voltages, and very sharp switching characteristics [2, 3]. 
A three terminal NEM switch consists of a movable beam electrode, a fixed gate 
electrode, and a fixed drain electrode.  Initially, the gate-to-beam voltage, VGB, is zero, and the 
beam is electrically isolated from the drain so the drain-to-beam current, IDB, is zero.  As VGB 
increases, the electrostatic force is balanced by the elastic force of the beam.  As VGB continues 
to increase, the beam can no longer balance the electrostatic force so the beam pulls into the 
drain, and current flows between the drain and beam.  This voltage is called the pull-in voltage, 
VPI, and the switch is in the ‘on’ state.  As VGB decreases, the electrostatic force also decreases.  
Due to the reduced gap between the beam and gate the on state, VGB must decrease below VPI 
for the beam to pull-out.  This voltage is called the pull-out voltage, VPO.  A five terminal NEM 
switch has an additional gate and drain electrode that enables bi-directional switching. 
Unfortunately, NEM switches suffer from a long mechanical delay.  Hybrid systems that 
combine CMOS with NEM switches have been proposed that take advantage of the low power 
characteristics of NEM switches while mitigating their long switching delay.  Examples include 
FPGA routing [4], CMOS power gating [5], and SRAM cells [6].  The FPGA routing application 
showed substantial power and area reductions without a delay penalty by utilizing switches with 
2 kΩ contact resistances [7].  This contact resistance requirement is much higher than the sub-
1 Ω resistances required by RF MEM switch applications [8] and enables the use of harder, 
more robust contact materials. 
We investigate hafnium diboride (HfB2) as a contact material for NEM switches.  HfB2 is 
a conductive ceramic with a hardness, elastic modulus, and melting point of 20 GPa, 400 GPa, 
and 3250 °C [9], respectively, that can be deposited via chemical vapor deposition (CVD) at 
back-end-of-line compatible temperatures.  Since the deposited film is very conformal, it can be 
used to coat trenches and form sidewalls [9].  HfB2 has been shown to have higher scratch 
resistance with a lower coefficient of friction than titanium nitride [10] and has been used as a 
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protective coating on a silicon tip showing negligible wear after 5 x 109 μm of sliding [11].  Hard 
coatings are desirable for NEM switches because they can suppress plastic deformation of 
asperities, which leads to variations in contact area, contact resistance, and surface forces. 
6.2 Contact mechanics 
NEM switches are actuated either laterally or vertically.  We characterize HfB2 with 
lateral NEM switches because the fabrication process requires a single HfB2 deposition and two 
mask layers.  The fabrication will be further described in the next section.  The shape of the 
contacting surface between the beam and the drain is defined by the sidewall roughness of the 
polysilicon reactive ion etch.  We approximate the contacting surface as a single asperity with a 
radius, r, which is on the order of 10 nm.  The contact asperity radius contributes to both the 
Maxwell resistance, RM, and Sharvin resistance, RS, components of the total contact resistance, 
RC.  They originate from electron lattice scattering and electron boundary scattering, 
respectively.  For a round asperity that undergoes elastic deformation, RC is given by 
References 12 and 13:  
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where ρ is the resistivity of the material, λ is the electron mean free path, and γ is a fitting 
function used to transition between the Maxwell and Sharvin resistance regimes.  The resistivity 
of HfB2 was measured to be 303 μΩ-cm.  Since λ is unknown for HfB2, we estimate the contact 
resistance for two cases.  The first case is when the contact asperity is much larger than the 
electron mean free path (i.e., λ/r ≈ 0).  The second case is when the contact asperity is roughly 
the same size as the electron mean free path (i.e., λ/r ≈ 1).  Figure 6.1 shows the contact 
resistance for each of these cases for contact radii ranging from 1 nm to 50 nm.  For a 10 nm 
radius, the estimated contact resistance is 150 Ω and 250 Ω, for λ/r = 0 and λ/r = 1, respectively.  
These estimated contact resistances are only based on the contact geometry and do not 
account for any insulating layer that may appear on the surface of the contact.  The measured 
contact resistance will be higher than these values if there is an oxide or contamination layer on 
the surface of the contact. 
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6.3 Design and fabrication 
The lateral switch fabrication process flow initially follows the methods presented at 
Hilton Head 2010 [14] where a 1 μm in situ doped polysilicon structural layer is deposited on a 
2 μm LTO sacrificial layer and annealed.  The polysilicon layer is patterned using a photoresist 
mask exposed with an i-line stepper.  The pattern is transferred to the polysilicon layer using a 
reactive ion etch (RIE) (12 mTorr, 25 sccm Cl2, 140 sccm HBr, 3 sccm O2).  Instead of coating 
the devices with sputtered platinum as in Reference 14, the devices are coated in CVD HfB2 at 
250 °C using Hf(BH4)4 precursor in an ultra high vacuum chamber as described in Reference 15.  
Figure 6.2 shows an SEM cross section of a typical 30 nm-thick film deposited on a silicon 
substrate.  A contact aligner is used to define the pads for the devices.  The HfB2 is etched 
using a directional, chlorine-based RIE (5 mTorr, 40 sccm BCl3, 10 sccm Cl2, 10 sccm Ar) that 
removes the HfB2 from the exposed lateral surfaces and electrically isolates the various 
terminals.  A continuous layer of HfB2 remains on the device sidewalls and on the photoresist 
protected pads of the devices.  The photoresist is stripped using an O2 plasma followed by a 
10 minute acetone soak and isopropanol rinse.  The switches are released by etching the LTO 
for 15 minutes in a 5:3 mixture of buffered oxide etch (6 parts 40 % NH4F to 1 part 49 % HF) to 
glycerin, which obtains a good etch selectivity between the LTO and the HfB2.  The switches 
were dried after the BOE/glycerin etch using a critical point dryer (CPD) to avoid stiction.  The 
final released device is shown in Figure 6.3.  The zoomed-in view of the contacting region in 
Figure 6.3 shows the high conformality of the HfB2 coating.  The sidewall surface roughness is 
equivalent to the bare polysilicon devices and is much smoother than the sputtered platinum 
coated devices [14].  The presence of HfB2 on the sidewalls was confirmed by etching a device 
in XeF2 that removed the polysilicon layer without attacking the HfB2 sidewalls as shown in 
Figure 6.4. 
6.4 Results 
The switches were tested in a nitrogen glovebox at room temperature using a Keithley 
4200 parameter analyzer.  The drain-beam voltage, VDB, was set to 1 V, the beam voltage, VB, 
was set to 0 V, and the current compliance was set to 100 nA to protect the contact from 
welding and Joule heating.  VGB was swept from 0 V to 60 V, and no drain current was 
measured with the 1 V VDB.  The drain-beam voltage was then increased to 5 V, the VGB sweep 
was repeated, and the current reached the 100 nA compliance with sharp switching 
characteristics as shown in Figure 6.5(a).  To maintain the current compliance, the parameter 
analyzer adjusts the voltage on both the beam and drain electrodes.  By measuring the voltages 
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required to maintain the current compliance, the voltage across the contact and the contact 
resistance can be calculated.  For these initial devices, the contact resistance was 29.6 MΩ, 
which is much higher than the predicted contact resistance of 250 Ω.  On the subsequent 
voltage sweep, the current compliance was increased to 1 μA [Figure 6.5(b)] while maintaining 
the VDB at 5 V.  The contact resistance decreased to 171 kΩ.  For the third voltage sweep, VDB 
voltage was decreased to 1 V [Figure 6.5(c)], the 1 μA current compliance was still reached, and 
the contact resistance decreased to 8.9 kΩ.  By passing 1 μA of current through the contact, the 
contact resistance decreased from 29.6 MΩ to 8.9 kΩ while the minimum voltage across the 
contact decreased from 3.0 V to 8.9 mV.  These results were indicative of an insulating surface 
film that experienced breakdown with sufficient current flow. 
The HfB2 surface modifications were further characterized by performing a voltage 
sweep on an unpatterned HfB2 film.  The current flow was initially very small.  When the applied 
voltage was 2.8 V, breakdown of the surface was observed, and the current increased 
significantly [Figure 6.6].  A second voltage sweep showed only resistive current flow without 
any breakdown voltage.  These results matched the device results showing where the initial 
contact voltage was measured to be 3.0 V to observe current flow. 
To determine the source of the breakdown voltage, X-ray photoelectron spectroscopy 
(XPS) was performed on a sample of HfB2 that had been exposed to air for three months.  The 
analysis confirmed the presence of an oxide layer on the surface.  As shown in Figure 6.7(top), 
approximately 80 % of the Hf signal and 50 % of the B signal have binding energy peaks 
indicative of oxides.  The fabricated switches are exposed to a 15 minute etch in the 
BOE/glycerin solution to release the devices that could also affect the surface oxide layer.  
Therefore, the HfB2 sample was exposed to this same solution for 15 minutes and reanalyzed 
under XPS.  The oxygen content was significantly reduced as shown in Figure 6.7(middle), but it 
was still present.  To further reduce the oxide layer, a 30 s dip in 50:1 HF following the 
BOE/glycerin etch was added.  The oxygen content continued to decrease as shown in 
Figure 6.7(bottom).  The reduced oxygen content is closer to the less than 1 % oxygen content 
found in the as-deposited film [9].  Based on the XPS results, a 60 s dip in 50:1 HF was added 
to the release process between the BOE/glycerin step and the CPD step.  After the CPD step, 
the samples are immediately stored in nitrogen.  The two probe test was repeated and the 
breakdown was eliminated [Figure 6.6]. 
With the added dilute HF dip, the 100 nA current compliance was reached with a 1 V 
drain bias without requiring high current to breakdown an insulating film [Figure 6.8].  The 
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measured voltage across the contact was 143 μV corresponding to a measured contact 
resistance of 1.43 kΩ.  The switch showed correct operation over five cycles [Figure 6.9]. 
6.5 Conclusions 
HfB2-coated polysilicon switches were fabricated and tested.  The switches initially had a 
contact resistance of 29.6 MΩ, which was attributed to the presence of a surface oxide.  By 
removing this oxide, the contact resistance decreased to 1.43 kΩ, which is close to the 250 Ω 
calculated contact resistance.  The measured contact resistance may be higher due to either 
the contacting asperity being smaller than the estimated 10 nm or due to the presence of a thin 
insulating film on the surface of the contact. 
These preliminary results show that HfB2 is a promising NEM switch contact material, 
but further investigation into long term cycling and device statistics are required.  Furthermore, 
future HfB2 switches should be encapsulated in an oxygen free ambient to prevent oxidation. 
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6.7 Figures 
 
 
 
 
Figure 6.1: Contact resistance, RC, for HfB2 as a function of contact radius for λ/r ≈ 0 (i.e., contact 
asperity radius is much larger than the electron mean free path) and λ/r ≈ 1 (i.e., the 
contact asperity radius is approximately the same size as the electron mean free path). 
 
 
 
 
 
Figure 6.2: 30 nm of HfB2 film with sub-nanometer surface roughness deposited on crystalline silicon 
by chemical vapor deposition. 
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Figure 6.3: (left) SEM image of an actuated HfB2-coated relay in the ‘on’ position.  (right) Close view 
of the contact region. 
 
 
 
 
 
 
 
 
Figure 6.4: (left) Wide view of an HfB2-coated switch that was etched with XeF2 to remove the 
polysilicon and confirm the presence of HfB2.  (right) A close view reveals very smooth 
HfB2 sidewalls. 
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Figure 6.5: (a) Initial I-V sweep of HfB2-coated relay that requires high drain voltage to break down 
insulating film (VDB = 5V, current compliance = 100 nA).  (b) Subsequent I-V sweep with 
increased current compliance (VDB = 5 V, current compliance = 1 µA).  (c) Subsequent 
sweep with decreased drain voltage with the higher current maintained (VDB = 1 V, 
current compliance = 1 µA).  Insulating film broken down at contact by high voltage and 
high current.  Actual VDB were less than the setpoint to maintain current compliance. 
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Figure 6.6: (left) I-V characteristics of HfB2 film prior to HF dip and (right) after 30 s dip in 50:1 HF.  
Two probes were placed on an HfB2 pad, and the voltage between them was swept. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: (top) XPS spectra of a HfB2 film that was exposed to air for 3 months.  (middle) Same 
film after 15 minute etch in glycerin/BOE solution.  (bottom) Same film after 15 minute 
etch in glycerin/BOE and 30 s dip in 50:1 HF.  The oxygen content of the surface layer is 
significantly reduced by the etching steps. 
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Figure 6.8: I-V characteristics of HfB2-coated relay treated with a 60 s etch in 50:1 HF.  Required 
drain voltage is reduced (VDB = 1 V) without requiring an initial high drain voltage sweep. 
 
 
 
 
 
 
 
Figure 6.9: Five cycles of a HfB2-coated switch with VDB set to 1 V with 100 nA current compliance.  
The contact resistance was measured to be 1.43 kΩ based on the measured drain-to-
beam voltage when actuated. 
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CHAPTER 7 
 
SHEAR STRENGTH MEASUREMENTS OF HAFNIUM DIBORIDE FILMS GROWN ON 
Si(100) BY LOW-TEMPERATURE CHEMICAL VAPOR DEPOSITION 
 
 
 This chapter is product of collaboration with Professor Andreas Polycarpou’s group.  
HfB2 is an interesting material for tribology applications due to its unique combination of 
mechanical properties.  The development of hard, wear-resistant coatings is incredibly complex 
and, in fact, the performance and optimization of such coatings is not fully understood. 
 This study investigates an important hard coating parameter – how well the film adheres 
to the substrate.  Determining the adhesion and shear strength is quite complex, but 
understanding the adhesion behavior is greatly beneficial to the development of new coatings.  
Coating failure by delamination is common and can result in a catastrophic failure of the coated 
part. 
 The work presented here is a collaborative effort between Dr. Jungkyu Lee, Dr. Kyriaki 
Polychronopoulou, Prof. Polycarpou, Prof. Abelson, and myself.  I prepared the substrates, 
deposited the HfB2 films, and conducted post-growth annealing.  Drs. Lee and 
Polychronopoulou characterized the samples by conducting nanoindent and nanoscratch 
experiments and analyzing the data.  Drs. Lee and Polychronopoulou wrote the manuscript from 
which the following text is derived.  I have edited the manuscript here to enhance clarity.  
Further details of the analysis can be found in Reference 1. 
7.1 Introduction 
Thin hard coatings are in common use as protective layers to preserve the integrity of 
the underlying bulk material in order to increase its useful lifetime and operating efficiency [2, 3].  
Hafnium diboride, a metallic ceramic material, exhibits attractive properties for microelectronic 
and hard coating applications.  HfB2 has a high melting temperature of 3250 °C, high bulk 
hardness of 29 GPa, and a metal-like bulk resistivity of 15 μΩ-cm [4, 5].  Jayaraman et al. 
demonstrated a low-temperature chemical vapor deposition (CVD) process that produces 
stoichiometric thin films of HfB2 [6].  Subsequently, Chatterjee et al. [7-9] measured the 
hardness, elastic modulus, nanoscale friction coefficient, and nano- and macro-scale wear 
response of HfB2 thin films.  Annealed HfB2 films were found to be superhard (H = 43 GPa) and 
wear resistant [7, 8], but as-deposited films suffered from sudden failure by delamination [7-9]. 
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 The shear and adhesion strength of the film-substrate interface is a critical factor in the 
complete tribological performance of the system [10-13].  Weakly-adhered films are at risk of 
catastrophic delamination.  While it is desirable to quantitatively measure film adhesion, the 
behavior of layered surfaces is not currently fully understood. 
In this work CVD HfB2 thin films on Si(100) are studied in order to advance the 
understanding of adhesion and shear strength of this system.  These parameters are measured 
using the nanoscratch technique with a conospherical tip.  Hardness, elastic modulus, and 
friction coefficient are measured as well. 
Many methods exist for evaluation of film adhesion; this is a reflection of both the 
importance of this property and the significant limitations of each technique.  Nanoscratch 
provides an excellent way to measure film adhesion; the sharp tip of the sliding indenter 
produces sufficient stress to exceed the interfacial strength of even well-adhered films. 
7.2 Experimental methods 
7.2.1 HfB2 film deposition 
HfB2 thin films are grown on Si(100) substrates by low-pressure chemical vapor 
deposition (LPCVD) from the single-source precursor tetrakis(tetrahydroborato)hafnium, 
Hf(BH4)4.  A detailed description of the CVD process was previously reported by 
Jayaraman et al. [6].  All substrates are cleaned in an ultrasonic bath for 20 minutes – 10 
minutes in acetone and 10 minutes in isopropyl alcohol.  The samples are subsequently rinsed 
with de-ionized water and then blown dry with nitrogen before being loaded in the deposition 
chamber.  The base pressure of the chamber is 1×10-6 Torr.  Films are grown at substrate 
temperatures ranging from 300 to 400 °C.  For conciseness, films that have been deposited at 
300 and 400 °C at 0.075 mTorr precursor pressure will be denoted heretofore as Film A and 
Film B, respectively.  Films deposited at 300 °C with 0.95 mTorr of precursor pressure will be 
denoted as Film C. 
7.2.2 Film annealing 
Subsequent to the film deposition, half of each sample (Films A, B, and C) is annealed in 
a tube furnace at ≥ 700 °C for 1 hour.  These films have been shown to crystallize upon 
annealing at temperatures greater than 600 °C [14].  Annealing is conducted under a reducing 
atmosphere (forming gas, 95 % Ar, 5 % H2) to prevent oxidation.  The remaining half of the 
samples are left in as-deposited condition. 
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7.2.3 Film morphology and roughness assessment 
Scanning electron microscopy (SEM) is used to characterize the film morphology, 
measure film thickness, and examine the nanoscratch tracks.  Atomic force microscopy (AFM) 
is used to measure the surface roughness of the films. 
7.2.4 Nanoindentation 
Film hardness, H, and reduced elastic modulus, Er, are measured by nanoindentation 
using the procedure described by Oliver and Pharr [15].  A cube corner indenter with a tip radius 
of 50 nm is used.  In order avoid convolution of the film properties with those of the substrate, 
indentation depths are limited to less than 50 nm. 
7.2.5 Nanoscratch 
Nanoscratch experiments are performed with a conospherical tip (60° included angle, 
5 μm radius of curvature) driven by a 3D Omniprobe that is able to exert a significantly higher 
normal force than standard capacitive transducers.  High force is necessary to induce stress 
sufficient to cause delamination of the coatings.  Peak applied loads range from 90 mN to 
160 mN.  The scratch length is 100 μm and the horizontal tip velocity is 1 μm/s. 
7.3 Results and discussion 
7.3.1 Morphology and thickness characterization with SEM and AFM 
Figure 7.1 shows cross-sectional SEM micrographs of representative HfB2 thin films 
grown on Si(100) substrates.  The film morphology is dependent on the deposition conditions.  
The precursor is weakly reactive at low temperatures (< 300 °C), resulting in a low effective 
sticking coefficient.  Low sticking coefficients are associated with the growth of smooth and 
conformal films [16].  Self site-blocking effects further reduce the effective sticking coefficient at 
high precursor pressures.  The combined effect of these phenomena is demonstrated in 
Figure 7.1(e); this film, grown at 300 °C under a relatively high precursor pressure of 
0.95 mTorr, is glassy and smooth (0.79 nm RMS roughness).  At higher temperatures, the 
precursor reacts more readily on the substrate surface and the film becomes more columnar 
and coarse.  The films grown at 400 °C, shown in Figure 7.1(c) and (d), have an especially 
columnar character.  A complete record of deposition conditions and measured film properties is 
presented in Table 7.1. 
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7.3.2 Hardness and reduced modulus of HfB2 films 
Average values of hardness and elastic modulus obtained for films A, B, and C below a 
contact depth of 30 nm are summarized in Table 7.1.  The highest hardness and modulus 
values are obtained from the annealed Film C (32.7 and 225.6 GPa, respectively), which also 
possesses the densest morphology.  While the maximum hardness value is significantly lower 
than that measured by Chatterjee et al. (43 GPa) [8], it is still much higher than the hardness of 
bulk HfB2.  There are multiple explanations for the discrepancy in the hardness values between 
the current and former studies – Chatterjee et al. examined films grown under different 
deposition conditions than those explored here [8] and it is difficult to reliably measure hardness 
values in this range using contemporary techniques.  Annealing increases the hardness and 
elastic modulus of all films, but the effect is minor for Films A and B while it is significant for 
Film C. 
7.3.3 Shear and adhesion strength measurements by scratch testing 
The nanoscratch experiments explore the properties of four samples prepared expressly 
for this experiment.  The films described above are synthesized under conditions selected to 
yield films of practical thickness for measuring their mechanical properties by indentation.  For 
the scratch experiments another separate set of synthesis conditions is explored to investigate 
adhesion properties.  The films presented above were used as a foundation for tailoring the 
adhesion of the new ones.  The nanomechanical properties of these new films are reported in 
Table 7.2.  Films D and E are grown at 350 °C and 300 °C, respectively, under a precursor 
pressure of 0.06 mTorr.  In order to ensure solid bonding to a known substrate, the Si(100) is 
chemically etched with 2% HF solution to remove the native oxide layer.  The samples are 
rinsed with deionized water, leaving a hydrogen-terminated surface [17].  In addition, a smooth 
nucleation layer is ensured by starting the growth with a small (~ 0.03 mTorr) partial pressure of 
NH3.  NH3 has been shown to be a growth inhibitor that acts preferentially on film islands, 
resulting in increased nucleation density and smoother films [18].  Again, one half of each 
sample is left as-deposited while the other is annealed at 700 °C for 1 h.  Hardness and elastic 
modulus results for these films are presented in Table 7.2.  These results are comparable to the 
values reported for the first set of films. 
The nanoscratch method used here consists of sliding a sharp diamond tip across the 
surface of the film in order to initiate coating delamination.  Delamination onset occurs when the 
force exerted by the tip’s movement in the vertical and horizontal directions exceeds some 
critical load, Pc, and induces coating failure.  Delamination is the prevailing failure mechanism in 
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the initial stages of detachments, but, as the tip penetrates more deeply, the plowing 
mechanism dominates.   
The shear strength of the film-substrate interface, τc, is calculated using Equation 7.1, 
where H is the substrate hardness and r is the tip radius.  This relation is useful when the 
substrate deforms plastically. 
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where dc is the width of the scratch track, μ is the coefficient of friction of the film, and νs is 
Poisson’s ratio for the silicon substrate (0.28).  The calculated shear and adhesion strengths of 
the films are listed in Table 7.2, along with the measured values used to calculate them.   
The as-deposited films exhibit very similar values of shear (~ 4 GPa) and adhesion 
strength (1.1 GPa) despite the difference in deposition temperature and significant variation of 
hardness.  Both of the annealed samples have significantly higher adhesion strengths than their 
as-deposited analogues.  The maximum shear strength, 4.9 GPa, is encountered for the 
annealed Film D grown at 350 °C.  The maximum adhesion strength, 3.5 GPa, occurs in the 
annealed Film E grown at 300 °C.  Curiously, this film also has the lowest shear strength of all 
the samples.  The increase in adhesion strength appears to be positively correlated with the 
annealing process.  Adhesion is known to be dependent on the residual stress state of the films 
[21], something that is at play here due to crystallization and subsequent shrinking of the film. 
Microscopy investigation of the nanoscratch wear track confirms that delamination is the 
main failure mechanism in both as-deposited and annealed HfB2 films. 
Accurately evaluating the performance of a tribological film material is quite difficult 
without actually subjecting samples to the precise environment in which they will be used.  
Obtaining empirical results for an array of samples from real-world processes is impractical, 
thus some metrics are needed in order to evaluate potential candidate films and understand the 
relationships between materials processing conditions and functional performance.  These 
metrics should be useful for selecting promising coatings.  In this work we evaluate film 
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hardness, elastic modulus, and coefficient of friction; these values are indeed useful for 
identifying, to a first approximation, which materials and processing conditions are worthy of 
further study. 
Nevertheless, these basic measurements are not sufficient to draw specific conclusions 
regarding the complete tribological performance.  For that, further understanding of the physical 
and chemical mechanisms that govern the behavior of the film-substrate system are required.  
This understanding must include knowledge of the vital role of interfacial adhesion strength, a 
parameter that is currently difficult to investigate yet has a profound effect on the durability of a 
coated material under load. 
7.4 Conclusions 
A critical factor in the efficacy of wear-resistant thin films is their adhesion and shear 
strength at the film-substrate interface.  Poor adhesion can result in delamination and 
catastrophic component failure when subjected to a load.  Unfortunately, the evaluation of the 
film-substrate adhesion is difficult and the behavior of layered surfaces is not entirely 
understood.  In this work, we have investigated the tribological behavior of HfB2 thin films grown 
on Si(100) by low-temperature CVD.  A nanoscratch method was employed to measure the 
adhesion strength of the films.  The mechanical properties of these films – hardness, modulus, 
and surface roughness – were also measured as a function of deposition conditions.  The 
highest hardness measured was 36.5 GPa; this value was obtained from a film deposited at a 
substrate temperature of 300 °C and precursor pressure of 0.95 mTorr and subsequently 
crystallized by annealing at 700 °C for 1 hour.  By increasing the precursor pressure, smooth 
films with an RMS roughness as low as 0.79 nm are obtainable.  The morphology and 
mechanical properties of the films can be controlled by varying the film growth parameters.  
Tribological analysis of deposited films can help guide optimization of the coating process.  
Adhesion and shear strengths of 1.1 GPa and 4.5 GPa, respectively, were measured on an as-
deposited film sample; the values for annealed films were 3.5 GPa and 3.7 GPa, respectively. 
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7.6 Figures and tables 
Table 7.1: Deposition conditions and measured properties of HfB2 films. 
 Tsub (oC) Pprecursor (mTorr) t* (nm) Rq** (nm) H (GPa) Er (GPa) 
Film A, as-deposited 300 0.075 310 6.13 12.4 184.7 
Film A, annealed 300 0.075 307 11.98 13.0 226.0 
Film B, as-deposited 400 0.075 162 12.20 7.6 140.2 
Film B, annealed 400 0.075 162 4.37 7.7 110.8 
Film C, as-deposited 300 0.95 125 NA 22.4 219.7 
Film C, annealed 300 0.95 125 0.79 32.4 227.0 
*measured by SEM 
**measured by AFM 
Table 7.2: Measured properties from nanoscratch and nanoindentation studies. 
 Tsub (oC) P (mTorr) t* (nm) Pc (mN) dc* (um) μ H (GPa) Er (GPa) σα (GPa) τc (GPa) 
Film D, as-deposited 350 0.06 227 83.5 9.3 0.13 13.8 189.1 1.1 4.0 
Film D, annealed 350 0.06 227 104.3 5.2 0.14 16.5 190.6 2.5 4.9 
Film E, as-deposited 300 0.06 200 100.6 13.0 0.13 21.5 226.1 1.1 4.5 
Film E, annealed 300 0.06 200 70.4 11.1 0.21 36.5 244.4 3.5 3.7 
*measured by SEM 
**measured by AFM 
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Figure 7.1: Fracture cross section SEM micrographs of HfB2 films grown by low-temperature CVD on 
Si(100) substrates.  (a) Film grown at 300 °C with a precursor pressure of 0.075 mTorr 
for 7.5 minutes, yielding a thickness of ~ 310 nm.  (b) This film was then annealed at 
700 °C for 1 hour in a reducing atmosphere (95 % Ar, 5 % H2).  (c) and (d) are 
reproductions of (a) and (b), but they were grown at 400 °C.  The film thickness is 
~ 160 nm.  (e) This film was grown at 300 °C at >10 times the precursor pressure 
(0.95 mTorr).  This sample was subsequently annealed at 800 °C for 1 hour under a 
reducing atmosphere.  Films grown under low precursor pressure have a distinctly 
columnar morphology.  The columnar nature is even more apparent at high growth 
temperatures.  Increasing the pressure yields smoother, glassier films as in (e). 
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CHAPTER 8 
 
MECHANICAL PROPERTY EVALUATION OF HAFNIUM DIBORIDE-BASED THIN FILMS 
 
 
 In Chapter 7 the mechanical properties of HfB2 films grown by low-pressure CVD under 
a variety of processing conditions were measured.  This chapter briefly explores measurements 
of the same properties, but for radically different films.  Here, the hardness, elastic modulus, 
friction coefficient, wear and elastic recovery, and shear strength are measured for a HfB2 film 
grown by SCVD and two films alloyed with nitrogen during LPCVD.  One of these nitride films is 
a single layer of HfBN and the other is a HfBN/HfB2 multilayer. 
 This work is a collaborative effort with Prof. Andreas Polycarpou and his students 
Dr. Jungkyu Lee and Shahla Chowdhury.  I grew the films and conducted the material 
microanalysis while Dr. Lee and Mrs. Chowdhury performed the mechanical measurements.  A 
more detailed description of the mechanical measurements can be found in Reference 1. 
8.1 Film deposition and annealing procedure 
As discussed in Chapter 2, SCVD can produce stoichiometric thin films of HfB2 in a 
batch process that is conducive to industry.  Hard tool coating is one possible application for this 
growth mode.  However, because SCVD HfB2 films are grown under conditions that differ 
radically from those explored by Jayaraman et al. [2], the mechanical properties are not well 
known.  In this study, a SCVD HfB2 film grown on Si(100) at 200 °C is tested and compared to 
two films alloyed with nitrogen.  The nitrogen-containing films are grown in the standard vacuum 
system previously used in References 2 and 3. 
A HfBN film is deposited by growing HfB2 on a substrate heated to 400 °C with a 
0.275 mTorr partial pressure of ammonia.  At substrate temperatures above 350 °C, ammonia 
decomposes on the growth surface and adds nitrogen to the film [4].  A HfBN/HfB2 multilayer 
film is synthesized by introducing ammonia at regular intervals during the HfB2 growth.  The 
sample studied here consists of 4 bilayers – each HfB2 layer is approximately 100 nm-thick and 
is separated by a ~20 nm-thick layer of HfBN.  The terminal surface of the multilayer film is 
HfBN.  Film deposition parameters are recorded in Table 8.1.  Electron micrograph cross 
sections of the films are presented in Figure 8.1. 
All films are X-ray amorphous as deposited.  Subsequent to the film deposition, half of 
each sample is annealed in a tube furnace at ≥ 700 °C for 1 hour.  These films have been 
shown to crystallize upon annealing at temperatures greater than 600 °C [2].  Annealing is 
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conducted under a reducing atmosphere (forming gas, 95 % Ar, 5 % H2) to prevent oxidation.  
The remaining half of the samples are left in ‘as-deposited’ condition. 
8.2 Roughness characterization 
The root mean square (RMS) roughness of the films is measured by examining ten 
5 ˣ 5 μm areas for each film using contact mode atomic force microscopy (AFM).  The values 
are reported in Table 8.1. 
Pure HfB2 exhibited the lowest surface roughness in both as-deposited and annealed 
cases (2.6 and 2.2 nm, respectively).  HfBN is considerably less smooth in the as-deposited 
case (5.4 nm) and becomes rougher still after annealing (7.6 nm).  This is opposite of the trend 
for HfB2.  The HfBN/HfB2 multilayer sample, which has a terminal surface of HfBN, exhibits an 
as-deposited roughness very similar to the single HfBN film (5.7 nm).  However, the multilayer 
becomes smoother after annealing.  The annealing crystallizes the HfB2 material, but the 
mechanisms for smoothing and roughening are not obvious from this data.  
8.3 Film hardness and reduced modulus measurement by nanoindentation 
 Film hardness and elastic modulus are measured by multiple nanoindents using a 
Berkovich tip.  Indent depth is limited to 20 % of the film thickness to avoid convolution of the 
film properties with that of the underlying substrate.  Averaged values for the hardness and 
modulus of the examined films are presented in Figures 8.2 and 8.3, respectively. 
The highest values of hardness and elastic modulus belong to the annealed HfB2 film 
(21.6 and 219.5 GPa, respectively).  This film is significantly softer than the dense annealed 
LPCVD HfB2 grown at 300 °C reported in Chapter 7.  While the SCVD films appear dense in 
electron micrograph cross sections, they contain significantly more hydrogen due to slower 
rejection from the surface at the low SCVD growth temperatures.  SCVD films may be less 
dense than those grown at slightly higher temperatures under dynamically pumped conditions. 
The inclusion of nitrogen results in somewhat softer films (14.6 and 12.9 GPa for 
annealed HfBN and HfBN/HfB2, respectively).  All annealed films exhibit higher values of 
hardness and elastic modulus. 
8.4 Friction coefficient, wear recovery, and shear strength by nanoscratch 
 The microscale friction coefficient (COF) and wear recovery are measured by 
nanoscratch using a conospherical tip (870 nm radius).  The coefficient of friction is measured 
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under constant loads of 100, 200, and 350 μN with a sliding velocity of 0.3 μm/s.  The results 
are presented in Figure 8.4.  The COF increases with applied load for all films tested.  In all 
cases, the COF is on the order of 0.1.  In general, annealed samples exhibit lower COF than as-
deposited films.  The lowest COF is observed for the annealed HfBN film. 
Subsequent to the nanoscratch procedure, the wear scars are scanned to measure the 
wear depth and estimate elastic recovery of the film.  Figures 8.5 and 8.6 display the wear 
depths and elastic recoveries of the films under a load of 200 μN and 350 μN, respectively.  As-
deposited films exhibit a fairly consistent recovery ca. 35 %, but the recovery of the annealed 
films varies greatly with composition.  Notably, annealed films containing HfBN, whether a single 
layer or multilayer, demonstrated very high wear recovery (up to 86 %). 
 The shear strengths of the films analyzed here are calculated using the same procedure 
presented in Chapter 7.  The calculated shear strengths for the films (and the critical loads used 
to calculate them) appear in Table 8.1.  For all films, annealed samples exhibit nearly twice the 
shear strength of as-deposited films.  The highest shear strength is calculated for the annealed 
HfBN (5.96 GPa).  Overall, the values match well with those measured in Chapter 7. 
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8.6 Figures and tables 
Table 8.1: Deposition parameters, film thickness, RMS roughness, critical load, and shear strength 
of the tested films. 
 Tsub (oC) Pprecursor (mTorr) t* (nm) Rq** (nm) Pc (mN) τc (GPa) 
HfB2, as deposited 200 1.5ˣ103 ~100 2.56 48 2.66 
HfB2, annealed 200 1.5ˣ103 ~100 2.18 74 5.41 
HfBN, as deposited 400 0.05 102 5.38 49 3.24 
HfBN, annealed 400 0.05 102 7.63 121 5.96 
HfBN/HfB2, as deposited 400 0.05 640 5.71 53 2.78 
HfBN/HfB2, annealed 400 0.05 640 4.7 91 4.80 
*measured by SEM 
**measured by AFM 
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Figure 8.1: Electron micrograph cross sections of the films studied.  (a) Representative image of a 
HfB2 film grown by SCVD at 200 °C.  (b) Single-layer HfBN film grown at 400 °C under a 
0.275 mTorr partial pressure of ammonia.  (c) HfBN/HfB2 multilayer consisting of 4 
bilayers (8 layers total).  The terminal surface is HfBN.  This sample is created by 
intermittently exposing the growth surface to ammonia.  The layered structure can clearly 
be seen in (d), a bright-field TEM cross section of the same film. 
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Figure 8.2: Film hardness measured by nanoindentation with a Berkovich tip.  The indent depth is 
restricted to 20 % of the film thickness to avoid convolution of the film properties with that 
of the underlying substrate.   
 
Figure 8.3: Film reduced modulus measured by nanoindentation with a Berkovich tip. 
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Figure 8.4: Measured microscale friction coefficient under different loads ranging from 100 to 
350 μN.  The COF was measured by nanoscratch with a conospherical tip sliding at 
0.3 μm/s. 
 
 
 
 
Figure 8.5: In situ wear scar depth and residual depth subsequent to nanoscratch with a 
conospherical tip under a 200 μN load.  
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Figure 8.6: In situ wear scar depth and residual depth subsequent to nanoscratch with a 
conospherical tip under a 350 μN load. 
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CHAPTER 9 
 
CONCLUSIONS AND FUTURE POSSIBILITES 
 
 
9.1 Conclusions 
9.1.1 Conformal growth 
I have demonstrated the use of CVD in a simple, unpumped apparatus to conformally 
deposit metallic films of hafnium diboride and iron in high aspect ratio features.  By operating 
under the full vapor pressure of the precursor, growth rate saturation can be maintained deeply 
into features. 
SCVD compliments the capabilities of atomic layer deposition.  ALD is well entrenched 
in the literature and in industry, but has some limitations.  SCVD doses the substrate surface 
with precursor continuously, not intermittently as in ALD.  As a consequence, CVD has a growth 
rate advantage in high aspect ratio features; the ALD growth rate scales with AR-2 while the 
CVD rate scales with AR-1. 
For the cases explored here, the film composition is stoichiometric despite the buildup of 
reaction products.  Precursor selection is crucial for this mode of growth; I have offered 
guidelines for selection and suggested likely candidates, some of which are readily available 
from commercial suppliers. 
The lack of pumping in SCVD allows reaction to occur at low temperatures that would be 
impractical in a typical flowing system.  The deposition temperatures explored here are even 
compatible with some polymeric substrates.  Because precursor is not removed before surface 
reaction, the precursor utilization rate is enhanced by orders of magnitude relative to previous 
conformal CVD techniques.  Static CVD is highly scalable and conducive to batch processing.  I 
envision the ability to coat cassettes of wafers simultaneously.  SCVD could be a key enabling 
technology in laboratory and industrial environments.  Hot-wall deposition typically prevails in 
industry and the consumption of precursor on the large chamber walls significantly reduces the 
precursor pressure.  In conventional LPCVD designs, this pressure drop may be enough to 
prevent growth rate saturation on the substrate surface.  SCVD can account for losses on the 
wall by supplying much more precursor than is needed to reach growth rate saturation. 
The additive processing capability provided by SCVD is critical for the production of 
nanostructures assembled from pre-formed templates.  Using this scalable process hafnium 
diboride photonic crystals were fabricated that are thermally stable up to 1,000 °C and have 
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optical properties comparable to tungsten photonic crystals.  The combination of superior 
thermal stability and modified thermal emission has not been previously demonstrated for a 
photonic crystal with feature sizes tuned for frequencies required for TPV applications.  This 
promising result suggests that metallic refractory ceramic materials could be useful for TPV 
applications and are deserving of further study. 
9.1.2 Low temperature growth of transition metal nitrides 
CVD of transition metal nitride films (where the metal is manganese, iron, cobalt, or 
nickel) can be accomplished from the di(tert-butyl)amide precursors M[N(t-Bu)2]2 with NH3 below 
300 °C.  The M:N ratio in the deposited films decreases from Mn to Fe to Co to Ni; the films 
grown include Mn3N2-x (x ≈ 0.7), Fe4N, CoxN (4.6 ≤ x ≤ 6.0), and Ni9N.  All films are nitrogen-
deficient compared with the M3N2 composition that would result if the only reaction taking place 
is transamination.  The M:N ratio for each material is robust against variations in substrate 
temperature and reactant pressures.  Carbon contamination in the films is minimal for 
manganese, iron, and cobalt nitrides, but similar to the nitrogen concentration in nickel nitride. 
The growth likely proceeds via rapid transamination of the highly reactive precursors 
with ammonia to afford metal amido fragments with high sticking coefficients and low surface 
mobilities.  Decomposition of these intermediates results in columnar, nonconformal films.  Film 
growth rates are flux limited at all conditions investigated and can be enhanced by increasing 
the precursor flux.  Deposition rates of up to 18 nm/min are realized. 
Thermal CVD at room temperature is highly unusual, but we have found that iron nitride 
grows rapidly at 25 °C.  The di(tert-butyl)amido compounds are also able to serve as CVD 
precursors to cobalt and nickel nitride phases, for which very few other CVD methods have 
been described.  The family of di(tert-butyl)amide precursors provides a useful synthetic 
pathway for late transition metal nitride films, which are difficult to produce by other means; the 
growth conditions are appropriate for deposition on temperature-sensitive substrates. 
9.1.3 CVD HfB2 hard coatings 
To demonstrate the utility of HfB2 as a wear-resistant protective coating for nanoscale 
applications, polysilicon switches were coated with CVD HfB2 and evaluated.  After removal of 
the naturally occurring oxide that develops on the film subsequent to air exposure, the switch 
contact resistance decreased from 29.6 MΩ to 1.43 kΩ, which is close to the 250 Ω predicted by 
theory.  Functional devices demonstrated reproducible, sharp switching characteristics 
indicative of a stable contact.  These preliminary results show that HfB2 is a promising NEM 
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switch contact material, but further investigation into long term cycling and device statistics are 
required. 
A critical factor in the efficacy of wear-resistant thin films is their adhesion and shear 
strength at the film-substrate interface.  Poor adhesion can result in delamination and 
catastrophic component failure when subjected to a load.  Unfortunately, the evaluation of the 
film-substrate adhesion is difficult and the behavior of layered surfaces is not entirely 
understood. 
A nanoscratch method was employed to measure the adhesion strength of CVD HfB2 
films on Si(100).  The mechanical properties of these films – hardness, modulus, and surface 
roughness – were also measured as a function of deposition conditions.  The highest hardness 
measured was 36.5 GPa; this value was obtained from a film deposited at a substrate 
temperature of 300 °C and precursor pressure of 0.95 mTorr and subsequently crystallized by 
annealing at 700 °C for 1 hour.  By increasing the precursor pressure, smooth films with an 
RMS roughness as low as 0.79 nm are obtainable.  The morphology and mechanical properties 
of the films can be controlled by varying the film growth parameters.  Tribological analysis of 
deposited films can help guide optimization of the coating process.  Adhesion and shear 
strengths of 1.1 GPa and 4.5 GPa, respectively, were measured on an as-deposited film 
sample; the values for annealed films were 3.5 GPa and 3.7 GPa, respectively.  HfB2 films 
grown by static CVD exhibit similar mechanical properties. 
9.2 Future possibilities 
 The development of SCVD potentially has huge implications for conformal coating.  The 
preceding work only scratches the surface of the technique’s possibilities.  Here I outline just a 
few promising opportunities for future development. 
9.2.1 Static CVD of boron nitride from borazine 
Boron nitride is a III-V compound of interest due to a number of material properties that 
make it conducive to mechanical and electrical applications.  It is a good material for mechanical 
applications due to its high hardness [1, 2], high melting temperature / high temperature stability 
[3-5], resistance to thermal shock [3], high thermal conductivity [1, 3, 5-7] (400 Wm-1K-1 at 300 K 
[8]), and self-lubrication properties [3, 5].  These characteristics make it an excellent candidate 
for tribological applications [1].  Boron nitride is also a desirable material for its dielectric 
behavior [2, 4]; it has high electrical resistivity [3-6] (1017 Ω-cm at room temperature [9]), low 
dielectric constant (8) [10, 11] and loss from dc to microwave frequencies [3, 5, 6, 12] and 
125 
 
dielectric breakdown strength of 107 V/cm [9].  The material also has the advantages of being 
low density and chemically inert [2, 3, 5, 6].  Boron nitride crystallizes in a cubic zinc blende and 
hexagonal structure, analogs of diamond and graphite [6, 13]. 
 Boron nitride has been researched extensively for potential applications in the 
electronics industry [6] as restricted-area boron diffusion sources [14, 15], transparent mask 
substrates for X-ray lithography [16-20], and high quality insulators [21-25].  BN serves an 
additive material that can be used to increase the hardness of other materials [26-31] and 
improve thermal management in composites [32-34].  Films can be used to protect substrate 
materials at high temperatures and provide resistance to oxidation [6, 35].  The onset of 
oxidation for BN is 800 °C and the material is self-healing – it forms a protective barrier against 
further oxidation [5, 36].  This makes BN useful in items such as brake materials and 
aeronautical engines [5]. 
 In addition to the aforementioned motivations, BN SCVD could demonstrate a powerful 
proof of concept.  BN is an example of a class of materials – insulators – that cannot be 
deposited by electrochemical means.  It would also demonstrate the use of distinct type of 
precursor molecule, borazine. 
The growth of BN thin films has been reported extensively in the literature.  CVD 
approaches are well known, including both thermal [3-6, 37-39] and plasma-activated routes 
[1, 4, 6, 40, 41].  The traditional chemical route to BN CVD has been pyrolysis or plasma 
decomposition of boron halides or boron hydrides with ammonia [2-5, 40-50].  The resulting 
films are nonstoichiometric and require substrate temperatures in excess of 600 °C due to the 
high thermal stability of ammonia [4].  Use of halide-containing precursors can result in film 
contamination and the reaction byproducts are corrosive [3, 4, 41].  Nevertheless, ALD 
processes for smooth, stoichiometric BN continue to use halide precursors in a method in which 
the reaction with ammonia is split into two half-reactions [7, 51]. 
CVD of BN has also been demonstrated from complex organic molecules, but the 
presence of carbon invites contamination issues [1, 3, 23, 52-56].  There has been a trend away 
from these precursors and toward the single source precursor borazine, B3N3H6 [42].  Borazine 
is isostructural with benzene, a six-member ring of alternating boron and nitrogen [3].  It has the 
natural advantage of a 1:1 ratio of B to N [4].  It does not contain carbon, oxygen, halides, or 
any other likely film contaminants.  Borazine is highly volatile with a vapor pressure of 85 Torr at 
0 °C [3].  It has been identified previously as an excellent CVD precursor for BN [57] and 
attractive from both an economical and technical perspective [58]. 
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Several studies of thermal CVD from borazine have been conducted [3-6, 37-39].  The 
first such study with borazine was conducted by Adams [39].  The majority have investigated 
LPCVD [3-6, 37, 39] with at least one study of APCVD [38] although the majority of the flux was 
nitrogen carrier gas.  All current studies in the literature have neglected conditions that might 
lead to conformal growth.  Typical precursor pressures were 1 - 10 Torr at temperatures from 
300 to 2,000 °C.  Boron nitride films grown at low temperatures (< 500 °C) characteristic of 
SCVD are observed to be amorphous [4, 37] and substoichiometric in nitrogen, having a 
formula of BN0.67 [4].  The expected growth reaction at low temperature is 
 B3N3H6(g) → B3N2(s) + ½N2(g) + 3H2(g) [4]. 
While these films are typically free from carbon and oxygen impurities, some residual hydrogen 
may remain [4].  Low temperature films are unstable in atmospheric moisture, likely due to 
hydrolysis of the B-N bond to B-OH [4, 39].  Some authors have observed decreased sensitivity 
to moisture with increased crystallization fraction [59].  Post-deposition annealing can crystallize 
the deposited films and reduce their sensitivity to moisture [36, 60, 61]. 
It is expected that borazine is an excellent candidate for SCVD.  Previous studies have 
indicated uniform growth on microscale fibers [5], but there appears to be no study of conformal 
films on smaller or higher aspect ratio structures.  ALD produces smooth films with uniform 
coverage on particles [7, 51], but this has not been demonstrated in convoluted structures. 
9.2.2 Static CVD of cobalt and nickel 
 The proof of concept demonstration of metal CVD via iron growth is important, but to 
extend the use of SCVD a greater variety of materials is needed. 
 Cobalt is an interesting material for magnetic applications.  Cobalt tricarbonyl nitrosyl, 
Co(CO)3NO, also holds promise as a potential SCVD precursor.  It has a high vapor pressure of 
100 Torr at 25 °C [62] and had been demonstrated previously as a good CVD precursor in 
conventional schemes [62-65].  The reaction proceeds according to the equation 
 Co(CO)3NO(g) → Co(s) + 3CO(g) +NO(g) [66]. 
In order to reduce contamination from the carbonyl byproducts a coflux of hydrogen can be 
added [62, 64].  Hydrogen can react with dissociated CO on the surface to produce volatile 
products, reducing the incorporation of carbon and oxygen. 
Growth of nickel films from nickel carbonyl could be trivial given the iron growth results.  
Nickel films are expected to be impurity free [67-69].  FeNi alloys for magnetic memory 
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applications are the subject of intense interest [70] and SCVD could be an inexpensive way of 
producing such films. 
9.2.3 Displacement plating of SCVD films 
 There is strong demand for conformal thin films of noble metals such as silver, 
particularly for plasmonic applications [71-75].  CVD of silver is difficult because there are few 
suitable precursors.  It may not be possible to find a silver compound conducive to the SCVD 
process.  However, it may be possible to use electrochemical methods to exchange iron for 
silver post-growth. 
 Displacement plating is a technique commonly using in the refinishing of antiques.  With 
this process, iron could be grown conformally on any structure using SCVD.  After the 
deposition, the iron-coated sample can be placed in a silver bath.  The easily reduced silver will 
replace the easily oxidized iron [76].  The reaction is self-limiting and will terminate once a 
continuous layer of iron has been exchanged for silver [76].  This process is general for any 
combination of active and noble metals. 
9.2.4 Quasi-static ‘trickle flow’ CVD 
The SCVD apparatus used in Chapters 2 and 3 is the simplest possible design.  This is 
useful for proof of concept purposes and processes that are amenable to the simple design, but 
modifications could allow greater capabilities. 
The current design does not allow transport of precursor during the growth.  As 
precursor decomposes to form film its pressure falls until it is completely depleted.  Therefore, to 
produce films of practical thickness (10 - 100 nm) the vapor pressure of the precursor should be 
~ 10 Torr.  Many precursors do not meet this requirement and, thus, are not candidates for the 
current system.  However, precursors with low vapor pressures could be utilized in a quasi-
static ‘trickle flow’ system.  This apparatus would be continuously pumped at low speed during 
the growth and constantly supplied with precursor at a low flow rate.  This method would 
introduce new precursor continuously, but maintain the high chamber pressures needed for 
conformal growth.  This approach could significantly expand the set of commercially available 
precursors that would afford conformal films. 
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APPENDIX A 
 
GROWTH RATE COMPARISON: ALD VERSUS CVD 
 
 
 Growth rate is a crucial concern in film growth.  Here I present a comparison of the 
growth rate of ALD versus that of CVD in deep structures. 
ALD growth rate model 
 Consider an ALD recipe with eight process steps: 
1. Dose surface with precursor A 
2. Pump away excess precursor A 
3. Purge chamber with inert gas 
4. Pump away purge gas 
5. Dose surface with precursor B 
6. Pump away excess precursor B 
7. Purge chamber with inert gas 
8. Pump away purge gas 
A simplified schematic of this recipe is shown in Figure A.1.  For most ALD processes, a single 
cycle produces 0.2 - 0.4 monolayers of film so these steps are repeated many times to achieve 
the desired film thickness. 
 
Figure A.1: Simplified schematic of an ALD cycle. 
The total growth time of a given ALD recipe can be modeled as 
 [ ]pumppurgepumpBdoseBpumppurgepumpAdoseAtotal ttttttttNt +++++++= ,,,,  Eqn. A.1 
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where N is the number of cycles. 
The growth rate is simply 
 [ ]h
t
GR
total






=
1
 Eqn. A.2 
where h is the film thickness. 
 R.G. Gordon et al. developed a kinetic model for the time required to dose a deep via 
with a monolayer of precursor [1]:  
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 Eqn. A.3 
where ns is the density of surface sites, m is the molecular weight of the precursor molecule, T 
is the temperature, P is the precursor pressure, and AR is the aspect ratio of the via.  For deep 
features the ALD growth rate is essentially proportional to AR-2. 
 The expression developed by Gordon et al. tells us the value of tA, dose and tB, dose.  In 
practice, the pumping time for removing excess precursor is tdose plus some number of seconds 
(this additional time is a function of substrate temperature).  To simplify the analysis and 
generate an upper bound estimate for the growth rate, assume tA, pump and tB, pump are equal to 
the precursor dosage time.  We further assume that the purge gas exposure and pump times 
are equal to this expression.  Therefore, the total growth time in ALD can be written as 
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 Eqn. A.4 
 The growth rate is simply the amount of film deposited per cycle in one cycle’s time or 
 
cycle
s
t
nGR
2
1
−⋅
=
θ
 Eqn. A.5 
where Θ is the fraction of a monolayer deposited during the single cycle (usually between 0.2 
and 0.4). 
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CVD growth rate model 
 For the CVD case, A. Yanguas-Gil derived an expression that links the growth rate, GR, 
step coverage, SC, and process parameters in the conformal growth limit [2]: 
 
( )( )
( )TKD
Tkc
SC
ARGRP B
1021
ρ
−
=  Eqn. A.6 
where c is a geometrical factor (2 for a trench and 4 for a via) and ρ is the atomic density of the 
film.  D0 is the diffusivity and is given by  
 thvD κ3
1
0 =  Eqn. A.7 
where κ is a non-dimensional constant close to 1 and vth is the thermal velocity of the precursor 
molecules.  K1 is a lumped rate coefficient given by 
 
Tmk
SkK
B
ads π
ββ
2001
==  Eqn. A.8 
where β0 is the sticking coefficient of the precursor on a bare site (typically between 0.3 and 0.5) 
and S is the area of a surface site. 
By substitution of other relations from Reference 2, this can be rewritten to provide an 
expression for the growth rate. 
 
( )
( )
Tmk
SC
AR
PGR
B3
10 −= β
ρ
 Eqn. A.9 
The growth rate in CVD is proportional to AR-1. 
Comparison 
 Assume that the precursor and processing parameters (P, ρ, m, and T) are the same in 
ALD and CVD.  It is unlikely in practice for these values to be the same because in general the 
precursors will be different, but the assumption allows a comparison of growth rate as a function 
of feature aspect ratio only. 
 A few assumptions are technique-specific.  The ALD GR is dependent on Θ, the 
fractional monolayer deposited in one cycle, while the CVD GR depends on β0, the sticking 
coefficient on a bare site.  In order to conservatively estimate the CVD rate relative to that of 
ALD, Θ is assumed to be 0.4 (on the upper end of its typical range) and β0 is assumed to be 0.3 
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(on the lower end of its range).  The resultant plot of the growth rates for ALD and CVD is 
presented in Figure A.2. 
 
Figure A.2: Plots of the theoretical growth rate of ALD and conformal CVD.  (top) ALD has a growth 
rate advantage at aspect ratios lower than ~ 10:1, but CVD become advantageous at 
higher ARs.  (bottom) At very high ARs like those explored in the study, CVD possesses 
a decisive rate advantage. 
 As expected, the growth rate for both techniques falls precipitously with increasing 
aspect ratio.  ALD has a growth rate advantage at aspect ratios lower than ~ 10:1, but CVD 
become advantageous at higher ARs.  Because of the CVD expression’s weaker AR 
dependence, CVD possesses a decisive rate advantage at the very high ARs explored in the 
study. 
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APPENDIX B 
 
FILM THICKNESS IN SCVD 
 
 
 In the SCVD apparatus discussed here, no pumping occurs during the film growth.  This 
has two important consequences.  Firstly, reaction byproducts build up in the reaction tube.  
Additionally, no precursor replenishment occurs during the growth.  The film thickness attainable 
in this SCVD apparatus is limited by the amount of precursor vapor that is contained in the 
reaction tube upon the commencement of the reaction.  The maximum film volume that can be 
deposited is given by Equation B.1: 
 





==
ρ
1ntAV filmfilmfilm  Eqn. B.1 
where Vfilm is the volume of film material, Afilm is the area of the film coverage, tfilm is the film 
thickness, n is the number of formula units in the film, and ρ is the atomic density of the film 
material.  This can be rewritten to give an expression for the theoretical film thickness. 
 ( )ρ⋅= filmfilm A
nt  Eqn. B.2 
The number of precursor molecules, n, in the growth tube can be calculated from the Ideal Gas 
Law: 
 
fillB
fillvap
Tk
VP
n
⋅
⋅
=  Eqn. B.3 
where Pvap is the vapor pressure of the precursor, Vfill is the volume of the growth tube, kB is 
Boltzmann’s constant, and Tfill is temperature of the growth tube and vapor during filling.  
Substituting Equation B.3 into Equation B.1 gives an expression for the obtainable film 
thickness. 
 
fillBfilm
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⋅
=
ρ
 Eqn. B.4 
 This expression can be used to estimate the film thickness for the HfB2 and Fe films 
explored here. 
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Thickness estimate for HfB2 SCVD 
Pvap = 14.3 Torr = 1906 N/m2 (at room temperature) 
Vtube = 93 ml = 9.3ˣ10-5 m3 
Afilm = 100 cm2 = 0.01 m2 (a typical value of the coated surface area) 
ρ = 2.5ˣ1028 m-3 (estimate based on Reference 1) 
kB = 1.38ˣ10-23 J/K 
Tfill = 296 K (room temperature) 
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 This is greater than the actual thickness of the film deposits grown after a reaction with a 
2 hour hold time (~ 100 nm).  It is possible that the reaction has not been driven to completion in 
the present studies. 
Thickness estimate for Fe SCVD 
Pvap = 25.3 Torr = 3373 N/m2 (at room temperature) 
Vtube = 93 ml = 9.3ˣ10-5 m3 
Afilm = 100 cm2 = 0.01 m2 (a typical value of the coated surface area) 
ρ = 2ˣ1029 m-3 (based on the bulk density of iron, 7.84 g/cm3) 
kB = 1.38ˣ10-23 J/K 
Tfill = 296 K 
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 The iron films grown in this study are all much thicker than 31 nm; typically, they are also 
~ 100 nm.  In the current growth system, film typically nucleates only in a very small region near 
the samples.  This behavior may be attributable to a lack of nucleation on the clean glass 
surface of the growth tube.  Because the coated area is smaller than expected, film thickness is 
greater than predicted here. 
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APPENDIX C 
 
PRECURSOR UTILIZATION COMPARISON: LOW-PRESSURE CVD VERSUS STATIC CVD 
 
 
 An important parameter in any thin film growth technique is precursor utilization (or, in 
the case of PVD, target utilization).  Low precursor utilization in low-pressure conformal CVD is 
one of the main motivations for pursuing growth in the flowless regime. 
Precursor utilization rates in low-pressure CVD 
 The precursor utilization rate in LPCVD can be calculated based on system parameters.  
A schematic of the LPCVD system is shown below. 
 
Figure C.1: Schematic of a conformal LPCVD system.  Because conformal growth relies on reducing 
the sticking coefficient of the precursor to very low values, the majority of the precursor 
does not contribute to film growth.  Actively pumping the deposition chamber means that 
most of the precursor is pumped away, resulting in poor precursor utilization rates. 
 The approximate precursor utilization rate in the system described by References 1 - 5 
can be calculated by an area argument.  The fraction of precursor that reacts to form film is 
given by Equation C.1 
 Utilization = 
fA
A
pump
sub
′⋅
β
 Eqn. C.1 
where Asub is the area of the heated substrate, β is the effective sticking coefficient of the 
precursor, Apump is the area of the opening to the pump, and f’ is the efficiency of the pump.  
Note that, in growth rate saturation, β is inversely proportional to the precursor pressure.  
Therefore Eqn. C.1 can be restated as 
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 Utilization = 
PfA
A
pump
sub 1
′⋅
 Eqn. C.2. 
In this system, 
pump
sub
A
A
 is ~ 0.3.  The efficiency of a turbomolecular pump is ~ 1.  The utilization 
expression is dominated by the sticking coefficient term.  For the conformal growth explored in 
the work, β must be ≤ 10-5.  Therefore the utilization is also on the order of 10-5.  Because the 
utilization rate in LPCVD is overwhelmingly dependent on β, the actual values of chamber 
dimensions do not strongly affect utilization rate.  Any comparable conformal LPCVD system will 
suffer from the same utilization problem. 
Precursor utilization rate in SCVD 
 If we assume that the reaction is driven to completion and all the precursor in the tube is 
consumed, the utilization rate is again simply calculated by an area argument. 
 Precursor utilization 
wallsub
sub
AA
A
+
=  Eqn. C.3 
The growths presented in this work are conducted in a cylindrical glass tube that is 0.3 m long, 
0.019 m diameter, and has a volume of 93 ml.  However, film growth only occurs along the 
~ 0.15 m of tube length that is sufficiently heated.  The wall area that is coated is  
 ( )( ) ( ) 2322 105.9019.0
2
1019.015.0
2
1 mmmmdldAwall
−×=+=+= ππππ  Eqn. C.4 
The surface area of the substrates is of course dependent on the size and number of samples.  
A typical substrate load in the present work is five 1.5 ˣ 1.5 cm samples.  Both sides are coated, 
thus a typical substrate area is 2.25ˣ10-3 m2.  Therefore, the precursor utilization rate is ~ 24%. 
In contrast to the LPCVD case, the precursor utilization rate can indeed be greatly 
enhanced by proper reactor design in the SCVD mode.  Image a hypothetical reactor whose 
cross section is shown in the schematic below. 
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Figure C.2: Schematic of a hypothetical SCVD reactor with the critical dimensions labeled. 
Assume this reactor is optimized for film growth on a cassette of 4 inch diameter wafers.  A 
typical cassette consists of 25 wafers.  The substrate area is given by  
 
( ) ( ) 2
2
4094
2
cmtd
d
NA sample
sample
sub =








+= π  Eqn. C.8 
To determine the wall area, the reactor must be designed with sufficient space between the 
wafers such that the film thickness is uniform across the wafers’ diameters.  This inter-wafer 
region will be in viscous flow, so macrotrench results provide some guidance.  In the 
macrotrench, 95 % step coverage is achieved up to ~ 300 μm into the trench.  The trench mouth 
is 25 μm wide, so the step coverage requirement is met up to 12:1.  This suggests that the 
spacing between the wafers should be 4.2 mm.  Suppose, to be safe, the spacing is 5 mm.  The 
wall area is then 
 ( ) 22 660
2
1 cmdldA chamberchamberwall =+= ππ  Eqn. C.9 
 where ( ) ( )sNNtl 1−+= . Eqn. C.10 
In this hypothetical system, the precursor utilization rate is 86%. 
 SCVD is a thin film growth method that may have high utility in industrial applications.  In 
these applications, precursor utilization is critical concern.  Hf(BH4)4 is not currently available 
from commercial vendors; the starting materials for precursor synthesis cost approximately 
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$100 per gram of precursor product and a skilled chemist is required.  Industrial users are wary 
of growth techniques with low usage rates. 
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APPENDIX D 
 
COATING PROFILE OF DEEP AEROGEL INFILTRATION 
 
 
 SCVD has the ability to penetrate deeply into convoluted structures and infill them with 
film material.  This has been demonstrated by infilling silica aerogels with HfB2, shown in 
Figure D.1.  A close view of the intensity profile of the HfB2-infilled crust appears in Figure D.2. 
 
Figure D.1: Silica aerogel monoliths deeply infilled with HfB2.  (left) A CT cross section of a quartered 
cylinder of aerogel.  The top right and bottom left quarters have been infilled with HfB2 by 
SCVD.  The remaining two quarters are controls.  The bright ring around the infilled 
samples is indicative of the presence of Hf.  (right) An intensity profile of the image 
brightness due to x-ray scattering.  The infilled region is ~ 800 μm-thick. 
 
Figure D.2: Intensity profile of the outer ‘crust’ of the HfB2-infilled aerogel sample shown in 
Figure D.1. 
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 The intensity profile shown in Figure D.2 can be interpreted as a coating profile.  It is 
interesting to see whether the coating profile matches that predicted by the conformal CVD 
equations.  A. Yanguas-Gil derived an expression to relate the deposition conditions and 
coating requirements to the growth rate [1]: 
 
( )( )
( )TKD
Tkc
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ARGRP B
10
3
2
21
ρ
−
=  Eqn. D.1 
where P is the precursor pressure, GR is the growth rate, AR is the aspect ratio of the feature to 
be coated, SC is the desired step coverage, c is a geometrical constant, ρ is the atomic density 
of the film, kB is Boltzmann’s constant, T is the growth temperature, D0 is the diffusivity, and K1 
is a lumped rate coefficient. 
 Equation D.1 can be rewritten to obtain an expression for the growth rate. 
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=  Eqn. D.2 
For the HfB2 growth, the values are given below: 
Pvap = 20 Torr = 2600 Pa (assuming the reaction occurs exclusively at the dwell 
temperature of 150 °C) 
d = 20 nm (approximate pore diameter of silica aerogel) 
D0 = ( )( ) smsm
d
D
th /65/20013
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=== νκ , when κ ≈ 1 [1] 
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c = 4 (assuming aerogel pores are geometrically similar to a via) 
ρ = 2.5ˣ1022 cm-3 (from Reference 2) 
T = 150 °C = 423 K 
 Substituting these values into Equation D.2 yields an expression for the theoretical 
growth rate as a function of depth into the aerogel and step coverage.  Figure D.3 shows such a 
plot for step coverage values of 0.9, 0.95, and 0.99. 
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Figure D.3: Predicted CVD film growth rate versus aspect ratio for step coverages of 0.90, 0.95, and 
0.99. 
 The growth rate calculated at the surface of the feature (0 on the x-axis) can be 
normalized to the intensity at the aerogel surface and the profiles compared.  Figure D.4 
compares the profile of the aerogel infiltration with the predicted growth rate curve for 0.9 step 
coverage.  The experimentally observed profile indicates much better conformality than the 
theory suggests is possible.  The theory, however, does not account for chemical (i.e. 
byproduct) effects on the surface, which may dominate in this case. 
 
Figure D.4: Comparison of the aerogel coating profile and the profile expected from theory. 
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